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Abstract 
Accidents, surgery and disease often result in the use of biornimetic materials that can 
replace human hard tissue and calcium phosphate bioceramics are ideally suited for this 
purpose. Indeed, biological apatite is a poorly crystalline, non-stoichiometric carbonated 
hydroxyapatite. The composition, crystallinity and particle size of synthetic calcium 
phosphate bioceramics directly affect their biological, mechanical and thermal 
performance. Hence control over these properties in synthetic bioceramics is essential in 
order to mimic human hard tissue in functionality. The existing methods of synthesis of 
calcium phosphate bioceramics are multi-step, time consuming and require strict control 
over synthesis conditions. Therefore, there is a requirement of a one-step, rapid 
synthesis technology which allows control over particle properties. The continuous 
hydrothermal flow synthesis (CHFS) technique addresses all such issues but it has not 
been used to synthesise calcium phosphate based nano-bioceramics. 
The work in this thesis involves the use of CHFS technology to synthesise calcium 
phosphate bioceramics. It was demonstrated that the rapid crystallising environment in a 
CHFS system resulted in phase-pure crystalline hydroxyapatite (HA). Traditionally 
required long ageing times and heat-treatment were avoided. Furthermore, variations in 
the CHFS system parameters were correlated with properties of the synthesised nano- 
bioceramics. 
The CHFS system was also used to substitute biologically beneficial ions (C03'-, Si044-, 
Mg2+ and Zn2) into HA. Some ionic substitutions affected thermal stability and phase 
composition. For example, increase in magnesium contents in solution resulted in 
precipitation of a phase pure Mg-Whitlockite phase. 
Conventional consolidation methods of HA powders require several hours of exposure 
to elevated temperatures which results in large grains, phase decomposition and poor 
mechanical properties. Spark Plasma Sintering on the other hand is capable of very high 
heating and cooling rates. Phase-pure and ion-substituted calcium phosphates and 
zirconia-hydroxyapatite phase mixtures were spark plasma sintered to high densities 
with these materials displaying good mechanical properties. 
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Chapter I 
Literature Review on Synthesis and 
Consolidation of Bioceramics 
In the last century, owing to improved quality of life due to discovery and development 
of medicines (antibiotics, vaccines), chemical treatment of water etc., there has been a 
major increase in human survivability (80+ years) (Hench 1998b). However, humans 
are faced with the challenge of outliving the 'lifetime' of human tissue as shown in 
Figure 1 -1 (Hench &Wilson 1993). 
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Figure 1-1 Comparison of human survivability in year 1900 vs. 2000 with effects of 
age on the quality of connective tissue (Hench & Wilson 1993). 
In the past, diseased or damaged tissues had to be removed by the surgeon. During the 
last decade phenomenal attention has been directed towards research, development and 
utilisation of biornaterials aimed at mimicking natural tissues in chemical, mechanical 
and biological performance. However, before reviewing the developments in the field of 
biomaterials, it is important to appreciate the properties of bone and teeth as naturally 
occurring optimised biornaterials. 
1.1 Introduction to Bone and Teeth 
Bone and teeth play important functions in a human body and are referred to as hard 
tissues. Despite extensive research and investment, man is still far behind in designing 
synthetic materials which can completely replace these naturally occurring biornaterials. 
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1.1.1 Structure, Function and Properties of Bone 
Bone is a hierarchically structured material (Fratzi et al. 2004; Rho et al. 1999). These 
structures work in unison to perform diverse mechanical, chemical and biological 
functions (Rho et al. 1998). Most bones arc a sandwich structure with a dense external 
shell (cortical bone) and a spongy interior (only 20 volume % is bone material and the 
rest is bone marrow), known as cancellous bone (Fratzl et al. 2004). Bone consists of 
lamellae consisting of mineralised collagen fibrils. In bone, the assembly of these 
mineralised fibrils varies, allowing it to adapt to its mechanical function (Fratzi et al. 
2004; Weiner et al. 1999; Zaffe 2005). The basic material of bone, therefore, is a nano- 
composite (Plekarsk 1973). This collagen-mineral composite contains nano-sized 
mincral platelets (biological apatite), protein and water (FratzI et al. 2004; Wopcnka & 
Pasteris 2005). Schematic diagram of this nano-compositc is shown in Figure 1-2. 
Apatite particles in bone have been reported to be between ca. 2 to 3 nm in thickness, 
50 nm in length and 25 nm in width (the average size varies from report to report) 
(Rho et al. 1998; Rubin et al. 2003). 
Figure 1-2 Schematic diagram of the arrangement of mineral particles in collagen 
fibrils (Fratzl et al. 2004). 
Cortical and cancellous bones, understandably, have different mechanical properties. 
Bending strengths in the ranges 50 - 150 MPa and 10 20 Mila have been reported for 
cortical and cancclious bone, respectively (Hench & Wilson 1993; Thompson & flench 
1998). 
An increase in age above 30 years, marks the onset of a gradual decrease in bone 
volume which results in reduced bone strength (both cortical and cancclious). By the 
age of 60-70 years, a significant decrease in bone volume takes place (I Icnch & Wilson 
1993). This can lead to fracture. Moreover, bone diseases and trauma also result in a 
requirement for use of biornaterials to restore function and/or alleviate pain. 
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mineral particles collager n-iolecules 
1.1.2 Structure, Function and Properties of Teeth 
Tooth is a bone-like hard tissue. It comprises of an organic matrix (mostly collagen) and 
a reinforcement phase in the form of mineral crystals (non-stoichiometric apatite with a 
Ca: P molar ratio < 1.67) (Johansen 1964; Zioupos & Rogers 2006). Teeth act as hard 
tools for cutting and grinding and are faced with varying chemical environments on a 
daily basis (Jones 2001). However, teeth lack basic natural repair mechanisms because 
they are metabolically inactive. As protection the dentinal body of the tooth is covered 
with a thin (2 mm) harder enamel layer (Jones 2001; Nicholson 1998). Major features of 
a tooth are shown in Figure 1-3. 
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Figure 1-3 Schematic diagram showing the major features in the anatomy of the tooth 
(Jones 2001). 
Hardness values of around 6 GPa have been reported for enamel (Cuy et al. 2002). 
Dentine, which is softer, has hardness values of less than I GPa, depending on the 
distance from the pulp and surrounding walls (Angker et al. 2003). 
The most frequent dental surgical procedure is tooth extraction. Restoration and 
orthodontic procedures are also common dental treatments. These involve restoration of 
functionality and secondarily, good aesthetics by use of biornaterials such as wires, 
dentures and implants (Ratner et al. 2004). 
1.1.3 Chemical Composition of Bone, Dentine and Enamel 
Bone, dentine and enamel, have a water content of approximately 15 wt%, 13 wt% and 
2 wt%, respectively (Aoki 1991; Nicholson 1998). The inorganic content of bone, 
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dentine and enamel is approximately 55 wtO/o, 70 wt% and 96 wt%, respectively (Aoki 
1991; Jones 2001; Li & Aspden 1998; Nicholson 1998). The approximate chemical 
composition of bone, dentine and enamel is presented in Table 1-1 in which the 
residuals include minor elements (e. g. Si, Zn) and oxygen. However, these contents 
differ by age and species (Aoki 1991). Biological apatite is a poorly crystalline 
hydroxyapatite (HA) represented by Ca, O(PO4)6(OH)2 (Elliott 1994; Wopenka & 
Pasteris 2005). Biological apatite however differs from synthetic apatite as it consists of 
various ions such as Na+, Mg2+, Cl-, F, HP04 2,9 C03 2- and Sio 4 4- (LeGeros 2002; 
Wopenka & Pasteris 2005). 
Table 1-1 Composition of bone, dentine and enamel (Aoki 1991). 
El t B % 
Tooth 
emen one (wt ) 
Dentine (wt%) Enamel (wt%) 
Ca 36.00 35.00 37.00 
p 17.70 16.00 17.00 
Mg 0.50 1.00 0.40 
Na 0.80 0.40 0.60 
K 0.20 0.10 0.20 
C 1.60 1.10 0.80 
C1 0.20 Trace 0.30 
F 0.08 0.03 0.01 
Residual 47.62 46.37 43.69 
Total 100 100 100 
1.2 Introduction to Biomaterials 
Biornaterials are required to alleviate pain and restore function to damaged part of the 
body (Hench & Wilson 1993; Vats et al. 2003). This need stems from the progressive 
deterioration of tissue with age. Loss of bone density and strength with age makes older 
people more susceptible to bone fracture (Hench & Wilson 1993). Biornaterials are also 
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used in dental implants, toothpastes and dental cements. Injuries resulting from 
accidents or diseases also contribute to the need for biomaterials (Hench 1998a). 
For any synthetic material to be implanted in the body, the following requirements must 
be met (Katti 2004; Ratner et al. 2004): 
* It does not cause an inflammatory or toxic response beyond an acceptable level. 
9 It withstands chemical, mechanical and thermal loads without deterioration. 
* It is manufactured economically and within permitted impurity levels according 
to approving bodies e. g. Food and Drug Administration, FDA. 
For any material in the human body the environment is very harsh. The materials are 
exposed to corrosive saline solutions at 37 *C under variable mechanical loads. 
Furthermore, metabolic changes often occur producing various acids. All these factors 
have to be taken into account before a material can be declared biocompatible and 
suitable for implantation (Hench 1998a; Jones 2001). 
Metals were the first choice biornaterials in the past due to their superior mechanical 
properties (Katti 2004; Staiger et al. 2006). However, it has been found that metals can 
release ions into the blood and surrounding tissues. Depending on the release rate, the 
body may develop some adaptation to this. However, metals are generally found to be 
toxic (Ferreira et al. 2003b). In comparison, although polymers are less toxic, when 
used alone they do not possess the mechanical strength to be used in load bearing 
applications (Katti 2004). Metals can also lead to bone deterioration as a result of elastic 
mismatch between growing bone and the metallic implant. 
Bioceramics offer more advantages in tenns of biocompatibility, therefore, their 
utilisation as sintered porous or block forms, reinforcements in polymeric matrices and 
coatings on metallic implants leads to materials with improved biocompatibility. A vast 
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Figure 1-4 Clinical uses of bioceramics (Hench & Wilson 1993). 
1.2.1 Types of Bioceramics 
Bioceramics can be classified as toxic, bioinert, bioactive and resorbable based on the 
type of response they invoke from the surrounding tissue. 
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1.2.1.1 Tissue Response to Bioinert Bioceramics 
Bioinert bioceramics are chemically inactive and of high strength. They attach to tissue 
via a mechanical interlock, also referred to as morphological fixation (Hench & Wilson 
1993). The tissue response to a bioinert bioceramic is formation of a non-adherent 
fibrous capsule which forms to isolate the implant from the host (Hench. & Wilson 
1993). This is a protective mechanism and may result in complete encapsulation of an 
implant. If interfacial movement occurs, the fibrous capsule can become several 
hundred microns thick and the implant loosens as a result, which can ultimately lead to 
failure (Hench 1998a). 
1.2.1.2 Tissue Response to Bioactive Bioceramics 
Bioactive bioceramics are also referred to as surface reactive bioceramics. This is 
because bioactive bioceramics undergo chemical reactions at their surface in the human 
body. This results in bonding to tissues at the interface. Commonly, a carbonated apatite 
layer forms on the surface of all bioactive implants when implanted (Ducheyne & Qiu 
1999; LeGeros 2002). This layer then grows and collagen fibrils become incorporated. 
Hence, the inorganic implant surface bonds to the surrounding tissues and this interface 
is similar to the naturally occurring interfaces between bone, tendons and ligaments. 
This type of attachment is known as bioactive fixation (Hench & Wilson 1993). 
Bioactive materials are classified into two types: (Cao, & Hench 1996) 
- Class A, osteoproductive materials, which bond with bone and soft tissue. These 
facilitate a process by which a bioactive surface is colonised by osteogenic stem 
cells free at the implant site as a result of surgical intervention. These materials 
elicit both an intracellular and an extracellular response at its interface. 
- Class B, osteoconductive materials. These materials only provide a 
biocompatible interface along which bone migrates. These materials only elicit 
an extracellular response at its interface. 
The level of bioactivity of a specific material can be related to time for more than 50% 








Here tO. 5bb is the time for more than 50% of the implant interface to be bonded to bone 
(Cao, & Hench 1996). Bioactivity is also attributed to materials that have the ability to 
form a surface layer of carbonated apatite when exposed to body fluids (Ducheyne & 
Qiu 1999; LeGeros 2002). 
1.2.1.3 Tissue Response to Resorbable, Bioceramics 
Resorbable bioceramics degrade gradually with time and are replaced by natural tissues. 
Due to this the interfacial thickness between the implant and tissue is almost non- 
existent. This is ideal as bone regeneration takes place; however, while the regeneration 
of tissue occurs, mechanical performance can be a cause of concern. It is important that 
the dissolution rates be matched to the body tissue repairs rates (Hench & Wilson 1993). 
In cases where porous ceramics are used, the attachment between tissue and the implant 
is called Biological fixation, which occurs due to in growth of tissues into pores (Hench 
& Wilson 1993). 
1.2.2 Examples of Bioceramics 
1.2.2.1 Alumina (A1203), Zirconia (Zr02) and Titania (Ti02) 
Alumina (bioinert) was the first widely used bioceramic clinically and is used even 
today in dental implants and total hip prostheses (Thamaraiselvi & Rajeswari 2004). It 
has a very high corrosion resistance, biocompatibility, low friction, high strength and 
high wear resistance (Marti 2000). The higher Young's modulus of A1203 however, 
prevents bone from being loaded -a phenomena known as stress shielding. This is 
responsible for loosening of the acetabular cup in patients (Hench 1998a; Katti 2004; 
Marti 2000). 
Zirconia (bioinert) has high mechanical strength and fracture toughness due to its 
transformation toughening behaviour (Chevalier 2006). Zirconia ceramics exist in 
various crystallographic forms with varying mechanical properties. Pure zirconia 
ceramics cannot be used for medical applications as the sintering process leads to a 
phase transformation (volumetric change of the material) from tetragonal to monoclinic 
which occurs during cooling phase above room temperature (Manicone et al. 2007). 
This phase transformation is associated with a 3-4 % volume expansion generating 
37 
internal material stresses and cracks. Yttria stabilised Zr02 has been utilised in total hip 
replacement (ball heads) extensively (Marti 2000). However, due to its metastability, it 
is prone to ageing in water. Due to this reason, recently, around 400 femoral heads 
failed in a very short period in 2001, despite manufacturer's claims that ageing in vivo 
was limited (Chevalier 2006). Zirconia has also been used in plasma sprayed bioceramic 
coatings (Kurzweg et al. 1998). 
Titania is a bioinert bioceramic with good biocompatibility (Fidancevska et al. 2007). 
Nanostructured porous titania based devices have been used to deliver antiepileptic 
drugs directly to the central nervous system through the temporal lobe of the human 
brain (Lopez et al. 2007). Titania has also been used in plasma sprayed bioceramic 
coatings on Ti-6AI-4V hip endoprostheses and other metallic implants (Kurzweg et al. 
1998; Marple et al. 2006). Problems with bioinert bioceramics suggest that a strong 
interaction between the implant and tissue is desirable (Hench 2000) which emphasises 
the need of a bioactive interface. 
1.2.2.2 Bioactive Glasses and Glass-Ceramics 
Bioactive glasses and glass-ceramics are made by traditional high temperature melting, 
casting and sintering. The base components in these are mostly Si02, Na2O, CaO and 
P205- Many bioactive Si02 glasses are based upon a formula called "45S5" (Chen et al. 
2006b). This signifies 45 Wt% Si02. Glasses with larger amounts Of P205 do not bond to 
bone. Figure 1-5 shows the compositional dependence of bone and soft tissue bonding 






cao N3, O 
Figure 1-5 Compositional dependence of bone bonding and soft-tissue bonding of 
bioactive glasses and glass ceramics (Hench 1991). 
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In region A in Figure 1-5 glasses are bioactive and bond to bone. Glasses in region B 
are inert and result in the formation of a fibrous capsule at the implant-tissue interface. 
Region C shows glasses which are resorbed within 1 0-30 days in tissue. IB lines 
represent the index of bioactivity. Depending on composition, therefore, certain glasses 
are resorbable. The region inside the dashed lines represents compositions which can 
even bond to soft tissue. Monophase bioglasses have restricted clinical applications due 
to their poor mechanical properties (Cao & Hench 1996). Crystallisation of glass results 
in glass-ceramics which have improved mechanical properties (composition represented 
by A-WGC in Figure 1-5) (Hench 1991; Kokubo et al. 1986). 
Bioactive glasses and glass-ceramics have been used to replace the small bones of the 
middle ear damaged by chronic infection, for over a decade. 45S5 Bioglass has been 
used to preserve the jaw bone in patients who have had their teeth extracted prior to 
being fitted with dentures (Hench & Wilson 1993). Bioactive glasses have also been 
used as particulates which are placed around teeth that have a periodontal disease and in 
spinal fusion (Hench 1998a; Hench 2000). 
1.2.2.3 Calcium Phosphate Ceramics 
The first clinical attempt to use a calcium phosphate compound was in successful repair 
of a bony defect reported in 1920 (Albee 1920). It was not until the late seventies and 
eighties that serious efforts were made towards the development and commercialisation 
of calcium phosphates, particularly hydroxyapatite (Akao et al. 1981; Hench & Wilson 
1993; LeGeros 2002). Today calcium phosphate ceramics are widely used and preferred 
materials for use in implants mainly due to the following characteristics; (Ellingsen et 
al. 2006) 
* their similarity to bone mineral in chemical composition , 
their ability to form carbonated hydroxyapatite at the surface in vivo 
formation of a strong biological, chemical and physical bond at the implant- 
tissue interface 
their ability to bind to and concentrate endogenous bone morphogenetic proteins 
The calcium phosphate system represents one of the most complex families of materials 
due to the existence of a large number of phosphate compounds. Variations in pH, 
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reaction conditions such as solvent, temperature, pressure, nature of precursors and 
compositional changes (Ca: P molar ratio) all affect the stability of the each of the 
calcium phosphates that may exist (Aoki 1991; Elliott 1994). Table 1-2 summarises the 
names, formulae and Ca: P molar ratios of various calcium phosphates. 
Table 1-2 Table showing Ca: P molar ratios, formulae and names of different calcium 
phosphate ceramics. 
Ca: P 
Formula Name Abbreviation 
ratio 
Tetracalcium phosphate 
2 Ca4O(PO4)2 TeCP (TrCP) 
(Hilgenstockite) 
1.67 CaIO(PO4)6(OH)2 Hydroxyapatite HA 
Tricalcium phospate (a, P, y) 1.50 Ca3(P04)2 TCP 
(Whitlockite) 
Dicalcium phosphate dihydrate 1.0 CaHP04- 2. H20 DCPD 
(Brushite) 
1.0 CaHP04 Dicalcium phosphate (Monctite) DCP 
Hydroxyapatite (HA) and tricalcium phosphate (TCP) are'the amongst the most 
interesting calcium phosphate ceramics. Synthetic HA is bioactive, and chemically 
similar to the mineral component of bone whereas TCP is resorbable (deAza et al. 1997; 
LeGeros 2002). Biphasic mixtures of TCP and HA are also promising materials as they 
provide stability (due to HA) and quicker bone formation and bonding (due to TCP) 
(Bouler et al. 2000). Calcium phosphate ceramics have been used in repair of bony 
defects in dental and orthopaedic applications, maxillofacial reconstruction and coatings 
on dental and orthopaedic implants. Their applications are shown in Figure 14. 
1.3 Structure, Substitution, Synthesis and Consolidation of 
Hydroxyapatite 
In this section the crystallographic structure, composition (elemental substitution into 
HA lattice), synthesis methods and consolidation of HA are discussed. 
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1.3.1 Structure of Hydroxyapatite 
Hydroxyapatite is represented by the following formula; CaIO(PO4)6(OH)2. Slightly non- 
stoichiometric HA belongs to the hexagonal system with P631M space group (Hench & 
Wilson 1993) whereas stoichiometric hydroxyapatite is monoclinic with P21/b space 
group (Elliott 1994; Morgan et al. 2000). However, most synthesis methods result in 
slight non-stoichiometry and hence a hexagonal structure. Figure 1-6 represents the 
hexagonal unit cell of hydroxyapatite showing two different calcium ion positions. The 
phosphorus atoms are not shown as oxygen atoms occupy most of the volume in a 
phosphate group. The unit cell consists of 18 ions packed closely. Each calcium ion (in 
hexagonal comer positions) is shared by three hexagons (12 x 1/3 =4 Ca 
2+ ions per unit 
cell). At the centre of each hexagon there is a hydroxyl ion (therefore 2 OH- per unit 
cell). These hydroxyl ions are surrounded by three Ca2"- ions per hexagon forming a ring 
(6 x Ca2+ per unit cell). These rings form a "chord" throughout the structure and many 
properties of HA are attributed to this. Alternating spaces in the two hexagons are filled 
up by three tetrahedral phosphate ions per hexagon (6 x P04 3- ). 
i_ /: \\j\ Aa 
Figure 1-6 The apatite unit cell. Dashed lines represent the lower level (Sarig 2004). 
1.3.2 Substitutions into Hydroxyapatite 
As mentioned earlier in this chapter, synthetic hydroxyapatite differs slightly in 
composition from biological apatite as the latter additionally contains several 
substituted ions (Na+, Mg 
2+, Zn 2+, C03 2-, Si04 4- , F) (LeGeros 2002). It 
is important to 
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understand the role of substituted ions in biological apatite. These ions play significant 
roles in bone formation, bone strength and their depletion in the human body is linked 
to several bone related illnesses. The HA lattice is very accommodative and allows 
various positive and negative ionic substitutions. Therefore, there is a possibility of 
making synthetic HA with a composition similar to biological apatite. 
1.3.2.1 Carbonate Substitution 
The local pH at the implant decreases immediately after implantation due to cellular 
activity and the enzymes produced. This initiates the partial dissolution of HA, causing 
the release of Ca2+, HP042' and P04 3- and supersaturating the local environment with 
respect to calcium and phosphorus. The surface characteristics of HA are hence changed 
and a layer of carbonated hydroxyapatite forms on the surface through seeded growth 
on HA crystals (Cao & Hench 1996; Zhang et al. 2003). Growth of this layer is slow 
and is partially controlled by the crystallinity of the original synthetic HA and its 
dissolution kinetics. Use of synthetically produced carbonated HA which is more 
soluble than HA, therefore results in quicker resorption and bone formation, ultimately 
facilitating quicker patient recovery. 
Since the HA phase present in natural bone, dentine and enamel contains up to 8 wt% 
carbonate, synthetic carbonate substituted HA has good biocompatibility (Krajewski et 
al. 2005). 
1.3.2.2 Magnesium Substitution 
Magnesium (Mg 2+ ) is one of the most important ions present in biological apatite 
(Tampieri et al. 2004; Tampieri et al. 2005). It is found in all hard tissues (up to 
1.2 wt%) and plays a role in bone calcification (Dorozhkin & Epple 2002; LeGcros 
1991). It is present in high concentration in cartilage and natural bone at the start of 
osteogenesis, but disappears as the bone matures (Tampieri et al. 2005). It is also 
present in pathological calcifications, as Whitlockite [Cal 8(Mg, Fe)2H2(PO4)141 (Kani et 
al. 1983; Lagier & Baud 2003; Mathew & Takagi 2001). Magnesium depletion results 
in decreased activity of osteoblasts and osteoclasts and leads to bone fragility 
(Bandyopadhyay et al. 2006). Magnesium containing hydroxyapatite coating has been 
shown to bond quicker to bone as compared to undoped HA coatings due to enhanced 
bone cell activity (Revell et al. 2004). The divalent magnesium ion (Me) substitutes 
for the calcium ion (Ca2) in HA or P-TCP (Suchanek et al. 2004). The presence of 
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Mg 2+ reduces the crystallinity of HA and stabilises its thermal decomposition into P- 
TCP above 700 *C (Kannan et al. 2005). In the presence of excess M g2+ , Whitlockite 
phase can be precipitated directly (LeGeros 2001). 
1.3.2.3 Zinc Substitution 
Zinc is an important trace element in human bone (0.012 to 0.025 wt%) (Ito et al. 2000). 
It has been shown that the divalent zinc ion (Zn2+) promotes the activity of osteoblasts, 
but more than 1.2 wt% zinc content causes cytotoxicity (Ito et al. 2000). It is reported 
that 50 % more bone was formed when zinc substituted calcium phosphates were used 
on rabbit femora as compared to the phase-pure calcium phosphate (Bandyopadhyay et 
al. 2006). Zinc substituted HA has a favourable effect on cytokine production (a protein 
that controls activity of cells of the immune system) by monocytes (a type of white 
blood cells that destroys bacteria) (Grandjean-Laquerrier et al. 2006). Zn2+ replaces C2+ 
in HA or, TCP (Tamm. & Peld 2006). Partial zinc substitution of calcium in HA has been 
reported to decrease the thermal stability and crystallinity of HA, and increase its 
solubility (Li et al. 2007b). It has been reported that above 0.1 wt% content (i. e. 
suggested solid solubility of Zn in HA), zinc containing TCP phases appear in Zn-HA 
ceramics after sintering and that the presence of Zn containing TCP is necessary for 
osteoblast cell proliferation (Sogo et al. 2004). 
1.3.2.4 Silicon Substitution 
Silicon (Si) is a very important element in bone and plays a significant role in bone 
formation and calcification (Leventouri et al. 2003). Presence of silicon (0.5 wt%) has 
been detected in the basic structure of bone, an osteon, of young mice and rats (Carlisle 
1970). The presence of silicon in calcium phosphates promotes both osteoblast and 
osteoclast activity (Hing et al. 2006; Reid et al. 2005). Silicon enters the HA lattice as 
silicate ions (Si04 4-) that replace phosphate ions (P04 3) (Gibson et al. 1999). Silicon 
substituted HA containing 1.5 wVYo silicon has been reported to be more soluble than 
pure HA (Porter 2006).. 
1.3.3 Synthesis of Hydroxyapatite 
HA powders can be synthesised using dry methods (solid-state reactions) or wet- 
chemical methods (coprecipitation, emulsion methods, hydrothermal batch reactions). 
Furthermore, coatings of these powders can be deposited using deposition and plasma 
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methods. In this section the advantages and disadvantages of some of these techniques 
are reviewed briefly. 
1.3.3.1 Solid-State Reactions 
Solid-state routes include synthesis of hydroxyapatite as a high temperature reaction 
product between solid calcium and phosphate precursors. Cao and co-workers reported 
on the synthesis of hydroxyapatite using calcium nitrate and tri-sodium phosphate 
ground by milling first and then heated using a microwave. For a short heating time of 
0.5 minutes a spherical morphology was seen. These rounded particles elongated into 
nano-rods upon continuous heating for one minute as shown in Figure 1-7 (Cao et al. 
2005). Carbonate containing barium hydroxyapatite has also been prepared using solid 
state reactions in air at 950 'C (Getman et al. 2004). 
Solid-state routes also include mechanochernical methods wherein, mechanical mixing 
leads to chemical reactions. A mechanochemical reaction carried out in the presence of 
water is referred to as a mechanochemical-hydrothermal reaction (Chen et al. 2004). 
These methods involve reactions between solid calcium and phosphoýus compounds 
mixed according to stoichiometry and then mixed/milled in a ball mill. Chemical 
reactions occur due to favourable temperatures and pressures. The contact area between 
the milling balls and milling container walls (and between the balls as well) is a high 
local temperature (up to 450 *Q and high pressure region where the reaction takes place 
(Cai et al. 2005). Times required to synthesise HA vary from a few hours up to 60 hours 
(Coreno et al. 2005; Silva et al. 2003). However, after initial mixing, these powder 
mixtures may require a heat treatment step to transform into phase-pure HA (Rhee 
2002). This can result in lower surface areas and indeed, Chen and co-workers reported 
a reduction in surface area (measured using BET) from 175 m2 g-I for as-prepared HA 
to 7.2 m2 g-1 after HA was heat-treated at 900 'C for one hour (Chen et al. 2004). 
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Figure 1-7 FE-SEM image of HA nanoparticles prepared by (a) microwave heating 
with 15 second intervals for 0.5 minutes (b) continuous microwave heating for I minute 
(Cao et al. 2005). 
Figure 1-8 TEM micrograph of the mixture powder after grinding for 24 hours 
(Cai et al. 2005). 
These methods have also been used to synthesise ion-substituted hydroxyapatite 
(Cai et al. 2005; Coreno et al. 2005; Suchanek et al. 2004; Zhang et al. 2005b). The 
morphology of carbonated hydroxyapatite nanofibers synthesised by grinding dicalcium. 
phosphate dihydrate (CaHP04.2H20) and calcium carbonate (CaC03) for 24 hours is 
shown in Figure 1-8 (Cai et al. 2005). 
Large quantities of crystalline powders can be synthesised using the solid-state reaction 
route. The processing costs and times involved are much less as compared to wet- 
chemical methods (Rhee 2002). However, all solid state methods are prone to presence 
of impufities from equipment used in ball milling (Fernandes et al. 2005). 
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1.3.3.2 Co-Precipitation of HA 
Co-precipitation reactions usually involve a mixture of soluble calcium and phosphorus 
sources and the addition of base to result in precipitation of a poorly crystalline HA 
which has to be matured in solution to attain stoichiometry. Hence, co-precipitation 
refers to the simultaneous occurrence of nucleation, growth, coarsening and/or 
agglomeration of particle's from solution. Products of precipitation reactions are 
relatively insoluble species formed under high supersaturation. The supersaturation is a 
result of a chemical reaction. The key step in co-precipitation is nucleation as a result of 
which large numbers of particles are formed. This is followed by secondary processes 
such as Ostwald ripening and aggregation which greatly affect the size, morphology and 
properties of the particles. Reaction conditions such as the rate of reactant addition and 
stirring rate are related to product size, morphology and particle size distribution. In 
order to achieve nanosized particles the nucleation rate must be faster than the growth 
rate (Cushing et al. 2004). 
Typical calcium ion sources include calcium nitrate, Ca(N03)2, calcium hydroxide, 
Ca(OH)2 and calcium chloride, CaC12. Typical phosphate ion sources include 
diammoniurn hydrogen phosphate, M)2HP04,, phosphoric acid, H3PO4. potassium 
dihydrogen phopshate, KH2PO4 and di-sodiurn hydrogen phosphate, Na2HP04 (Donadel 
et al. 2005; Lopez-Macipe et al. 1998; Slosarczyk et al. 1997; Tas & Aldinger 2005). 
The Ca2+ and P04 3- sources react immediately to yield an amorphous precipitate. Initial 
mixing is non-nally carried out for two hours with the pH maintained between 10 - 11. 
This initial precipitate (in form of a suspension) is then aged in solution for up to a day, 
in order to reach the required stoichiometry (Ca: P molar ratio of ca. 1.67, in HA). 
Solution mixtures are sometimes heated up to 95 *C to speed up the process (Afshar et 
al. 2003; Lazic 1995; Pang & Bao 2003; Phillips et al. 2003; Saeri et al. 2003). 
Slow addition of reactants and intensive stirring are employed in order to avoid local 
concentration inhomogeneity which can result in formation of agglomerates. However, 
the pH of the system plays an important role in the phase transformations of calcium 
phosphate phases in suspension. 
Reactions carried out in basic conditions with a Ca: P molar ratio of 1.67 (at pH 10- 11) 
result in fonnation of IIA as shown below (Afshar et al. 2003; Aoki 1991). 
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IOCa(OH)2 + 6H3PO4 -> CaO(PO4)6(OH)2 +18H20 Eq. 1-2 
I OCa(NO3)2 + 6(NI14)21PO4 + 2H20 -> 
Ca, O(PO4)6(OH)2 + 12NI14NO3 + 8HN03 Eq. 1-3 
These reactions require strict control of the pH above 10 in order to yield stoichiometric 
HA. In addition to phase-pure HA, ion-substituted HA has also been synthesised using 
co-precipitation methods (Porter et al. 2005; Zou et al. 2005b). A Ca: P molar ratio of 
1.5 in solution, has been reported to result in precipitation of calcium deficient 
hydroxyapatite (CDHA) (Siddharthan et al. 2004). Similar reagents when used under 
acidic conditions and even lower Ca: P molar ratios (pH 7 or below) result in the 
forination of brushite (CaHP04.2H20) or monetite (CaHP04) (Arifuzzaman & Rohani 
2004; Sivakumar et al. 1998). An acidic medium favours the solubility of calcium 
phosphates, hence, the formation of apatite becomes difficult. In addition to strict 
control of reaction conditions, very long ageing times (up to 24 hours) and subsequent 
heat-treatment steps are required to obtain crystalline HA (Ferreira et al. 2003a; Martin 
& Brown 1997; Phillips et al. 2003). 
Phillips and co-workers reported on the reduction in surface area from 113 m2 g*1 for as- 
precipitated HA to 19 m2 g-1 after heat-treatment at 900 *C for two hours. The 
corresponding particle morphologies, typical co-precipitated HA "needles" and larger 
rounded heat-treated HA particles are shown in Figures 1-9 (a) and (b), respectively 
(Phillips et al. 2003). 
1.3.3.3 Sol-Gel Processing of HA 
Sol-gel processing involves the hydrolysis and condensation of alkoxide-based (or 
similar) precursors such as tetraethyl orthosilicate (Hench 1997; Hench & West 1990; 
Niederberger 2007; Rajabi et al. 2007). The sol-gel process can be characterised by a 
series of distinct steps (Cushing et al. 2004). The first step is the formation of sol, a 
stable solution of the alkoxide or solvated metal precursor. The second step is gelation, 
wherein a gel forms. This is due to the formation of an oxide or alcohol-bridged 
network by a polycondensation or polyesterification reaction which causes an increase 
in the viscosity of the solution. The third step is the aging of the gel where it transforms 
into a solid mass. This is followed by drying and dehydration. Densification and 
decomposition of gels at temperatures (> 800 "C) is a step carried out for making dense 





Figure 1-9 TEM images of (a) amorphous co-precipitated HA "needles" 
(b) heat-treated at 900 'C for two hours (Phillips et al. 2003). 
The sol-gel method offers molecular level mixing of calcium and phosphate precursors 
improving chemical homogeneity (Hench 1997; Hench & West 1990; Niederberger 
2007). It is also a convenient method to coat irregular surfaces such as sintered porous 
scaffolds or implants (Aksakal & Hanyaloglu 2008; Gan & Pilliar 2004; Liu et al. 2001; 
Phillips et al. 2003). This method is also knows as dip coating and involves repeated 
dipping of a substrate in a sol to build up the coating and subsequent sintering. Typical 
substrates include 316L stainless steel and titanium alloys (Ti-6Al-4V)(AksakaI & 
Hanyaloglu 2008). HA particles have been synthesised using sol-gel methods too, but 
require ageing up to 24 hours and subsequent heat-treatment (Liu et al. 2001; Rajabi et 
al. 2007; Vazquez et al. 2005) Such heat-treatments can lead to formation of sintered 
particles (hard agglomerates) as reported by Liu and co-workers (as shown in 
Figure I -10) (Liu et al. 200 1). 
The sol-gel chemistry is complex. The hydrolysis, condensation and aggregation occur 
simultaneously making reproducibility and control over particle morphologies difficult. 
Additionally, as-synthesised materials are amorphous and require subsequent heat- 









Figure 1-10 Scanning electron microscope image of HA (derived using sol-gel) 
heat-treated at 800 'C for 2 hours [bar =2 ýtrn] (Liu et al. 2001). 
1.3.3.4 Emulsion Synthesis of HA 
Combinations of water, oil and a surfactant can result in seemingly homogeneous and 
clear solutions known as emulsions. This is because the nanosized aqueous droplets or 
channels do not cause noticeable light scattering. Water-in-oil emulsions can be likened 
to extremely small water containing reactors. This leads to an increase in interfacial area 
of the water (Cushing et al. 2004). The terms microemulsions and macroemulsions are 
often used. In microemulsions, the volume of water is low enough such that the 
emulsion remains transparent and stable for long times. Macroemulsions have higher 
amounts of water in them, are opaque and are only stable when stirred continuously 
(Phillips et al. 2003). Reaction takes place when two different water droplets containing 
reagents collide and mix with each other. Such a small reaction environment results in 
small particle size and size homogeneity (Koumoulidis et al. 2003; Segal 1997). 
Emulsion techniques have been reported to result in powders with higher surface areas 
as compared to those produced using co-precipitation methods (Kournoulidis et al. 
2003). 
HA has been synthesized using emulsion routes. However, this requires use of large 
quantities of oil (organic solvent) and surfactants and subsequent heat-treatment is 
required to yield crystalline HA (Koumoulidis et a]. 2003; Li et al. 2008; Lim et al. 
1997; Lim et al. 1999; Phillips et al. 2003). Jarudilokkul and co-workers reported that 
with an increase in reaction temperature from 30 'C to 80 *C the surface area of HA 
decreased from 227 m2 9-1 to 98 m2 9-1 (Jarudilokkul et al. 2007). A TEM image 
showing the needle like morphology of HA with 218 m2 9-1 surface area, synthesised 
A* 
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using microemulsions (in 24 hours), (reported by Phillips and co-workers) is shown in 
Figure I -11. 
Figure 1-11 Transmission electron microscope image of HA synthesised using 
microemulsion technique [bar = 200 run] (Phillips et al. 2003). 
Sun and co-workers reported on the synthesis of rod-like HA using microemulsions 
under hydrothermal conditions (at 160 "C for 12 hours under autogenous pressure) at 
neutral pH (shown in Figure 1-12). With an increase in reaction pH almost spherical 
particles were obtained (Sun et al. 2007b). 
soft 
Figure 1-12 Transmission electron microscope images of HA obtained using 
microemulsion technique under hydrothermal conditions at (a) pH 7 [bar = 200 nrn] and 
(b) pl-l II [bar = 100 nm] (Sun et al. 2007b). 
1.3.3.5 Batch Hydrothermal Syntheses of HA 
Solvents can be brought to temperatures above their boiling points by increase in 
autogenous pressure by heating in a sealed container (batch process). Materials which 
are rather insoluble under ordinary conditions can be dissolved and recrystallised using 
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batch hydrothermal synthesis technique. When water is used as a solvent this technique 
is called batch hydrothermal processing. The term "hydrothermal" is of a geological 
origin and related the use of water (hydra) (Byrappa & Adschiri 2007; Cushing et al. 
2004). During a batch hydrothermal reaction, ceramic sols are produced by chemical 
reactions under heat and pressure generally in the presence of an alkali or acid. Presence 
of an alkali or an acid has a catalytic effect on the reaction although this is not always 
required (Cushing et al. 2004; Kaya et al. 2002). 
Based on a number of publications, interest in batch hydrothermal methods to 
synthesise ceramic powders, was reported to be less as compared with other techniques 
in 1997 (Segal 1997). The author described it "surprising" as the hydrothermal synthesis 
offers an environmentally friendly (green) and low temperature direct-route to 
submicron nanoparticles without the need of a subsequent heat-treatment step. Indeed, 
reports of nanoparticle synthesis using batch hydrothermal processing have increased in 
recent years. Some of the materials synthesised using batch hydrothermal method 
include titania, ceria and iron oxides (Daoud et al. 2005; Takarni et al. 2007; Tok et al. 
2007). 
Hydroxyapatite has also been synthesised using batch hydrothermal methods (Guo & 
Xiao 2006a; Liu et al. 1997). Solutions containing Ca2+ [from Ca(N03)2, Ca(OH)2 or 
CaC03] and P04 3- [from (NH4)2HP04, NaH2PO4. H3PO4 or CaHP04] are mixed and 
poured into a sealed container. Pressure, temperature, pH and ageing time affect the 
composition, crystallinity and morphology of HA particles. As compared to other 
methods, batch hydrothermal synthesis produces crystalline, well-defined and phase- 
pure HA in a single step. Ageing times vary between a few hours to 24. hours and 
synthesis temperature is reported in literature between 90 and 150 IC (Arce et al. 2004; 
Guo & Xiao 2006b; Liu et al. 1997; Liu et al. 2003). Use of templating agents [e. g. 
poly(ainidoamine), CTAB] in the hydrothermal batch processing of HA has also been 
reported (Liu et al. 2003; Riman et al. 2002; Wang et al. 2006; Yan et al. 2001; Zhang 
et al. 2005a). Zhou and co-workers reported on the decrease in particle size of rod-like 
HA from 75 x 15 nm to 65 x 26 nin (Figure 1-13) when a dendrimer (polyamidoamine, 
PAMAM) was used during the hydrothermal batch reaction between calcium nitrate 
[Ca(N03)2] and diammonium hydrogen phosphate [(NI14)2HP04] at 150 T for 10 hours 
(Zhou et al. 2007b). Riman and co-workers reported on the decrease in surface area of 
batch hydrothermal HA (made in 24 hours) from 126 m2 g" to 50 m2 g" when the 






Figure 1-13 Transmission electron microscope images of HA synthesised by a batch 
hydrothermal reaction (a) without and (b) with a dendrimer (PAMAM) (Zhou et al. 
2007b). 
When reactions are carried out at pH lower than 10 and solutions have Ca: P molar ratio 
less than 1.67, calcium deficient HA is usually formed (Andres-Verges et al. 1998; 
Ivanova et al. 2001). Synthesis of various ion substituted hydroxyapatites using batch 
hydrothermal processing, has also been reported in literature (Jokanovic et al. 2006; 
Mizutani et al. 2005; Tang et al. 2005a; Tang et al. 2005b). 
1.3.4 Consolidation of HA Powders 
HA may be used in several physical forms which include sintered ceramics in porous or 
block forms (Kobayashi et al. 1993), coatings such as a bioactive coatings on metallic 
implants (Gross et al. 2004) and fillers for polymeric matrices (Tanner et al. 2001). The 
use of sintered HA in load bearing applications is limited due to its inferior mechanical 
properties thus it is used exclusively in low stress areas of the human body (e. g. ossieles 
in the middle ear) (Heimann & Vu 1997). In order to overcome the mechanical 
limitations, reinforcing agents such as zirconia (Kong et al. 2005), alumina (Kim et al. 
2003; Viswanath & Ravishankar 2006), titania particles (Oktar et al. 2006), carbon 
(White et al. 2007) and stainless steel fibres have been used (Zou et al. 2005a). This can, 
however, result in increased sintering times and higher temperatures in order to obtain a 
fully dense sintered material. 
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The consolidation (or sintering) of HA based ceramics has been the subject of 
considerable literature. Conventionally, consolidation of HA is carried out by pressure- 
less sintering or hot-pressing. Pressure-less sintering involves sintering at high 
temperatures (above 1200 'C) for long periods of time (1 -4 hours) (Barralet et al. 2003; 
Cai et al. 2007; Guo et al. 2003b; Kothapalli et al. 2004; Laquerriere et al. 2003; 
Mostafa 2005; Nayar et al. 2006; Pramanik et al. 2007; Zhang et al. 2007b). This 
technique involves extremely slow heating rates (around 5 'C min-) (Kothapalli et al. 
2004; Mostafa 2005; Pramanik et al. 2007). Exposure to such elevated temperatures for 
prolonged times results in large grain sizes of about few microns and at times phase 
decomposition (Barralet et al. 2003; Nayar et al. 2006; Pramanik et al. 2007). 
Furthen-nore, it is difficult to attain full-densification of HA ceramics using pressure- 
less sintering (Kothapalli et al. 2004; Mostafa 2005). Barralet and co-workers reported 
on the conventional sintering of HA at 1300 *C for 2 hours to result in a sintered density 
of ca. 98% with grain sizes >I pm (Figure 1- 14) (Barralet et al. 2003). 
Figure 1-14 Scanning electron microscope image showing the microstructure of HA 
sintered in air at 1300 'C for 2 hours (Barralet et a]. 2003). 
In comparison to pressure-less sintering, hot-pressing has been reported to yield HA 
ceramics with smaller grain sizes at temperatures up to 1250 'C (10 "C min-), pressures 
up to 64 MPa and sintering times ranging from 1-5 hours (Bianco et al. 2007; 
Kobayashi et al. 2006). The application of pressure during sintering helps achieve 
higher sintered densities in a smaller duration as compared to conventional sintering. 
Indeed, Kobayashi and co-workers published their work on effect of pressure on 
sintering of HA in which RA was hot-pressed to a sintered density of ca. 92 % under 
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7.81 MPa. The graphite die used in this work was heated in the furnace to 800 'C at 10 
*C min-' and kept at this temperature for I hour prior to further heating to 1200 `C (at 
10 'C min-) followed by immediate cooling. The sub-micron grains sizes obtained are 
shown in Figure 1- 15 (Kobayashi et al. 2006). 
Figure 1-15 Scanning electron microscope image of HA hot-pressed at 1200 "C under 
7.81 MPa (Kobayashi et al. 2006). 
Gel-casting has also been used for consolidation of both, dense and porous 
hydroxyapatite. In gel-casting, suspensions of HA powder in a solution of organic 
monomer, are poured into a mold, followed by polymerisation. The casted shape can be 
dried and if required, cut to specifications. Prior to sintering, a low temperature heat- 
treatment around 300 'C is required in order to bum off the polymeric materials (Chen 
et al. 2008; Chen et al. 2006a; Ramay & Zhang 2003). Figure 1-16 shows the SEM 
images showing microstructures of gel-casted HA sintered at I 100 'C and 1300 *C for 2 
hours (the latter consisted of a small amount of oc-TCP in addition to HA) (Chen et al. 
2008). In all these techniques (i. e. conventional sintering, hot-pressing and gel-casting) 
there is an inverse relationship between porosity and grain size. Therefore, a technique 




Figure 1-16 Scanning electron microscope images of gel-casted HA sintered for two 
hours at (a) I 100 *C [bar =I Wn] and (b) 1300 *C [bar =I ýtm] (Chen et al. 2008). 
1.4 Continuous Hydrothermal Flow Synthesis (CHFS) 
Japanese researchers working in the Arai group at Tohoku University were the first ones 
to develop the continuous hydrothermal flow synthesis systems in the early 1990s. 
Since then, a few groups around the world have modified and improved the CHFS 
systems and expanded the range of materials that can be synthesised. However, before 
the basic design of CHFS systems and their numerous advantages are reviewed, it is 
important to understand the basic science of supercritical water used in these systems. 
1.4.1 Properties of Supercritical Water 
A fluid is called "supercritical" when its temperature and pressure exceed the critical 
temperature and pressure (which are specific for each pure substance) (Darr & Poliakoff 
1999). The properties of supercritical fluids (SCFs) are totally different from those of 
gases and liquids. By varying temperature and pressure, the density and viscosity of the 
SCF can change drastically close to the critical point. The arrangements of molecules of 
a substance in solid, liquid, gas and supercritical state, respectively, are shown in Figure 
]- 17. At the critical point, the densities of liquid and gas phases become similar and the 
interface disappears (no meniscus) (Cansell et al. 2003; Noyori 1999). Supercritical C02 
and H20 are expected to replace many environmentally hazardous solvents in the near 
future (Hakuta et al. 2003). Water becomes supercritical above 374 *C and 22 MPa 
(Cushing et al. 2004) and above these limits, water exhibits variation in its dielectric 
constant, viscosity and ion product (Bellissent-Funel 2001). 
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Figure 1-17 Schematic diagrwn of microscopic behavior of a pure substance in P-T 
phase diagarn (Cansell et a]. 2003). 
Water dissolves many inorganic salts. However, the dielectric constant of water 
decreases with increasing temperature at constant pressure. In supercritical water, 
inorganic salts become insoluble and precipitate out. The key to production of 
nanoparticles at this point is the maximisation of supersaturation which increases the 
nucleation rate, leading to smaller particles (Kashchiev 1982). Hydrated metal ions can 
form crystalline metal oxides as a result of dehydration at high temperatures involved in 
supercritical water hydrothermal processing. It is believed that rapid dehydration of 
metal hydroxides is also a reason for the small sizes obtained, as this happens before 
significant growth can take place (Hakuta. et al. 2003; Ziegler et al. 2001). 
Representative equations for hydrolysis and dehydration reactions are as follows (Lester 
et al. 2006). 
Hydrolysis: ML, + xOH7 --* M(OH),, + xI: Eq. 14 
Dehydration: M(OH). --* MOn + V2xH20 Eq. 1-5 
For water, the ion product is a measure of its hydrolysability and the dielectric constant 
is a measure of its dissolving power (Figure 1-18). Above critical conditions water 
maintains a high ion product with variation in temperature and pressure. The dielectric 
constant of water however decreases remarkably near the critical point (Figure 1-19). 
This implies that supercritical, water has a strong hydrolysing and low dissolving 
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1.4.2 Continous Hydrothermal Flow Synthesis: Advantages, System 
Design and Examples 
1.4.2.1 Advantages of Flow Reactions and CHFS System Design 
As mentioned earlier, the rapid change to a condition of high supersaturation increases 
the nucleation rate. This creates a large number of nucleation sites, which reduces the 
amount of material available for growth and hence results in smaller particle sizes 
(Kashchiev & van Rosmalen 2003). Due to slow heating, batch hydrothermal reactions 
generally result in micron-sized particles. In order to obtain nanosized particles using 
batch hydrothermal reactions, organic additives are used, which inhibit the growth of 
particles (Shi et al. 2007; Sun et al. 2006). Batch hydrothermal synthesis involves the 
use of a closed autoclave type reactor where reaction times are long (ranging from few 
hours up to a day) (Guo & Xiao 2006a; Li et al. 2007b; Shi et al. 2007; Sun et al. 2006). 
In CHFS systems a stream of near- or supercritical water is continuously mixed with a 
stream of inorganic salts in solutions (Adschiri et al. 1992a; Adschiri et al. 1992b). 
Generally, the set-up includes two (High Performance Liquid Chromatography, HPLC) 
pumps, one of which pumps a metal salt solution into the CHFS system and the other 
pumps deionised water into a preheater [three pump systems have also been used where 
additional metal salt solutions or an acid or base are required (Sue et al. 2004d)]. The 
two streams (or feeds) meet at a mixing point (that can have different designs) and the 
particles are precipitated at this point. The stream (containing precipitated particles) is 
then cooled by passing through a cooler and large agglomerates are filtered, before it 
passes through a back-pressure regulator (which maintains the pressure in the system) 
and is collected as a suspension. In order to obtain dry powders, the suspensions are 
washed (to remove unreacted precursors), centrifuged and then dried (oven or freeze 
drying). A schematic diagram of a continuous hydrothermal flow synthesis system that 
was used for CHFS of ceria doped zirconia nanoparticles is shown in Figure 1-20 
(Cabanas et al. 2000). 
In contrast to batch hydrothermal reactions the flow process results in high diffusivity of 
the reactants. The faster dehydration reactions in near-critical/supercritical water result 
in very high hydrolysis and dehydration reaction rates. Residence times at the mixing 
point in continuous hydrothermal flow reactors are of the order of few seconds, being 
sufficient for reaction to occur. Pressure, temperature, concentration and pump flow 
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rates can all be varied independently in a CHFS system giving the ability to affect 
resultant particle properties. Consequently, crystalline and nanosized particles can be 
produced (Darr & Poliakoff 1999). 
Ce 4+ 
Pi -->. - 
Zr 4+ x 





H20 Cel, Zr, 02 
Figure 1-20 Schematic diagram of a CHFS system used for the synthesis of 
nanoparticles in nc-H20. [Pumps P, Preheater: PH, Mixing point: X, Water cooling: C, 
Filter: F, Back-pressure regulator (BPR)] (Cabanas et al. 2001). 
One of the mixing point designs is the SwagelokTm T-piece as shown in Figure 1-21 (a) 
(Blood et al. 2004). However, the use of this mixing point contributes to unreliability of 
the CHFS technique and poor product reproducibility. This is due to accumulation and 
agglomeration of particles in the mixing point which reduces flow passage size and 
results in blockages. This requires premature system shutdowns and extensive cleaning 
between reactions. 
In 2006, Lester and co-workers outlined the requirements of an ideal CHFS reactor. 
These included; homogeneous and instantaneous mixing of reactant streams, short 
residence times, minimal heating of the metal salt solutions prior to exposure to the 
supercritical water stream and rapid heating once this exposure occurred. This led to the 
development of a counter current reactor (mixing point) which was called the "Nozzle" 
reactor [shown in Figure 1-21 (b)] (Lester et al. 2006). Use. of this mixing point resulted 
in improved reproducibility and a drastic reduction in blockages. 
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Figure 1-21 Schematic diagrams of (a) T-piece reactor and (b) Nozzle reactor showing 
ideal temperature profiles (Lester et al. 2006). 
1.43 Examples of Materials Synthesised Using CHFS 
Zinc oxide (ZnO) is a suitable material for varistors (Balashov et a]. 1999), gas-sensors 
(Saha et al. 2007), catalysts (used in sunscreens) (Indarto 2008) and phosphors (Indarto 
2008). Sue and co-workers from Arai's group in Japan, have reported extensively on the 
CHFS of zinc oxide nanoparticles (Sue et al. 2004a; Sue et al. 2004c; Sue et al. 2004b). 
They were able to synthesise particles [using Zn(N03)2 salt] as small as 16 run at 386 
*C in the CHFS system (Sue et al. 2004c). The ability of CHFS systems to synthesise 
such small materials is of interest because the physical properties of nanosized ceramic 
materials (for potential electronic applications) are a function of their particle size 
(Millot et al. 2005). 
Zirconia (ZrO2) is a versatile ceramic which finds applications as a catalyst (Zhao, et al. 
2007), structural and a bioinert ceramic (Kelly & Denry 2008), reEractory material (He 
et al. 2000) and in solid oxide fuel cells (Fischer & Blass 2006). Tetragonal zirconia 
nanoparticles have been synthesised using CHFS of zirconyl nitrate and zirconyl acetate 
under supercritical conditions (Hakuta et al. 2004). The synthesised particles were 
found to be ca. 7 run in size and more crystalline than similar phases synthesised using 
conventional methods. The residence time of the particles in the reaction zone was 
calculated to be only 1.8 seconds. The CIIFS method also allows synthesis of solid 
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solutions such as ceria doped zirconia solid solutions (improved oxygen storage 
capacity) (Cabanas et al. 2000; Cabanas et al. 2001). 
Titanium dioxide (Ti02) is also a useful ceramic that finds applications as a catalyst 
(Zhou et al. 2007a), antibacterial material (Sunkara & Misra 2008) and a semiconductor 
(Liau & Lin 2008). Furthermore, in addition to ZnO, Ti02 is widely used as a UV 
absorber and is the only inorganic UV absorber allowed for use in cosmetics usable by 
humans by the Scientific Committee on Cosmetic and Non-Food Products Intended for 
Consumers (Europe) and the Food and Drug Administration (FDA). There is interest in 
developing nanoparticles of titania (and zinc oxide) below 50 run as they become 
invisible on skin (Serpone et al. 2007). Photoexcited titania is expected to inhibit 
malignant cell growth as suggested by work carried out on tumours in mice (Chihara et 
al. 2007). The CHFS method has been used to synthesise the anatase phase of titania 
using bis(ammoniurn lactacto) titanium dihydroxide precursor at 300 *C under 30 MPa. 
The resultant particles had a high surface area of 255 m2 g" and crystallite size of 
around 3 nm (Millot et al. 2005). 
In addition to these materials, barium zirconate (Ba7-r03 - refractory material) (Aimable 
et al. 2008), lithium iron phosphate (LiFeP04 - cathode material in lithium ion 
rechargeable batteries) (Xu et al. 2008) and cobalt iron oxide (CoFe204 - magnetic 
material) (Cote et al. 2003) have also been synthesised using CHFS systems. Iron oxide 
nanoparticles (magnetic materials) synthesised using the CHFS technique have been the 
subject of considerable literature (Cabanas & Poliakoff 2001; Sato et al. 2008; Takami 
et al. 2007; Xu & Teja 2008). 
To surnmarise, the continuous hydrothermal flow synthesis method offers many 
advantages which result in rapid, single-step synthesis of nanosized, crystalline unique 
particles. The rapidity of the process coupled with high temperatures and pressures 
involved in CHFS method may result in formation of kinetic phases and phase mixtures 
difficult to synthesise using conventional synthesis methods. 
1.5 Spark Plasma Sintering 
Use of an electric current is one of the ways of initiating sintering (Munir et al. 2006). 
This concept is not entirely new as patents on this topic date back to 1930s and reports 
on "spark sintering" were published between the 1950 - 1970 time period (Boesel 
1971). Plasma Assisted Sintering (PAS), Pulsed Electric Current Sintering (PECS), 
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Electric Pulse Assisted Consolidation (EPAC) and Spark Plasma Sintering (SPS) all 
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Figure 1-22 Schematic showing the die, punches and position of the powder specimen 
in a SPS furnace. 
The SPS technique uses high direct current and uniaxial pressure to consolidate 
powders. Use of electric current results in very fast heating rates during spark plasma 
sintering. It has been shown that higher heating rates (300 'C min-' as compared to 50 
'C min-' for alumina) result in better densification (Zhou et al. 2003). The rapid heating 
rates involved in SPS result in very short sintering times at lower temperatures (than 
conventional methods). These conditions in turn can result in nanostructured dense 
ceramics with higher mechanical properties. Indeed, nitrides, carbides and nano-tubes 
have been sintered to almost full-density in few minutes using SPS (Li et al. 2007a; Ran 
& Gao, 2008; Sun et al. 2007a; Zhang et al. 2007a). 
SPS has also been used to consolidate silver metal (Ng et al. 2008), tungsten based 
alloys (Mcherzynska, & Matsuura 2008; Sun et al. 2008) and silicon carbide reinforced 
aluminium matrix composites (Zhang et al. 2008). Ng and co-workers reported the ca. 
100 % densification of silver powder at temperature as low as 300 "C with 1000 MPa 
Vickers hardness (3 times higher than that obtained using conventional consolidation 
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methods) (Ng et al. 2008). In a review published in 2006, Munir and co-workers stated 
that SPS of dense nanostructured ceramics increased permittivity for ferroelectrics, 
improved magnetic properties and reduced impurity segregation at grain boundaries 
(Munir et al. 2006). 
Consolidation of HA to very ftill densification has also been carried out using SPS in 
the 850 -I 100 'C temperature range for times up to 5 minutes (Gu et al. 2002; Guo et 
al. 2005; Khalil et al. 2007; Omori et al. 2006; Watanabe et al. 2005; Xu et al. 2005; Xu 
et al. 2007; Xu & Khor 2007). Moreover, there have been some reports Of Zr02-HA 
ceramics sintered using SPS at temperatures and sintering times as low as 1000 'C for 5 
minutes (Guo et al. 2003a; Kumar et al. 2003; Kumar et al. 2005; Miao et al. 2004; 
Shen et al. 2001). Figure 1-23 (a) shows the SEM image of a HA-YSZ composite 
(containing 40 wt% yttria stabilised zirconia) spark plasma sintered to 93 % density at 
1200 'C in 5 minutes (Miao et al. 2004). This composite was reported to have a 3-pt 
flexural strength of 200 MPa, much higher than those obtained using conventional 
sintering methods. The HA powder used in this work was commerciafly procured and 
heat-treated at 900 'C for one hour in air. Guo and co-workers reported the SPS of HA 
with even smaller grains at 825 *C for only 3 minutes under 50 MPa pressure [shown in 
Figure 1-23 (b)]. This HA was prepared using a batch hydrothermal reaction carried out 
300 'C for 2 hours. This work however, used a 12 mm. graphite die for SPS of HA 
(which being a small size may facilitate relatively easier consolidation). 
Figure 1-23 Scanning electron microscope image of (a) HA-YSZ composite spark 
plasma sintered at 1200 'C for 5 minutes (Miao et al. 2004) (b) phase-pure HA spark 
plasma sintered at 825 'C for 3 minutes (Guo et al. 2005). 
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Many ceramics, which are difficult to sinter using conventional methods, have been 
sintered to near full densification in SPS due to the higher heating and cooling rates and 
application of pressure during sintering. This results in reduced sintering temperatures 
and times which inturn result in a small grain size. Nanostructured ceramics which offer 
superior mechanical properties, can therefore, be obtained. 
1.6 Hypothesis and Aims 
The discussion in this section can now be summarised. The solid-state routes to 
synthesise HA are time consuming and prone to contamination. Co-precipitation of HA 
requires strict control and monitoring of reaction parameters such as pH, stirring rate, 
rate of addition of solutions etc. Moreover, it is time consuming as it requires ageing up 
to a day followed by a compulsory heat-treatment in order to yield crystalline HA. On 
the other hand, sol-gel chemistry is complex. Although sol-gel processing is suitable for 
bulk materials, the advantages of the process are lost when HA is required in a powder 
form. It is also time consuming and requires heat-treatment for burning off unwanted 
reagents and crystallisation of amorphous HA. Emulsion methods facilitate synthesis of 
powders having small particle sizes however, they are also time consuming and require 
a subsequent heat-treatment. Furthermore, large amounts of oil and surfactants are 
required making this technique environmentally unfriendly. Batch hydrothermal 
synthesis stands out as it offers a low-cost, low-temperature, simple and effective route 
to crystalline, phase-pure HA. It also facilitates ion-substitution into HA. However, in 
many cases, templating agents are required to achieve small sizes. Synthesis times range 
between a few hours up to 24 hours. 
Pressure-less sintering and hot-pressing are the two most commonly used methods for 
consolidation of HA powders. The very long periods of time and high temperatures 
involved in these methods can result in very large grain sizes and at times, phase- 
decomposition. 
In order to gain a better understanding of the factors that produce particles with the 
desired properties and enable their consolidation to dense nanostructured ceramics, 
current methods are essentially too slow and uncontrollable. Thus, there is interest in 
developing faster synthesis and consolidation techniques for synthetic calcium 
phosphates that allow a greater degree of control over particulate and bulk properties. 
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Continuous hydrothermal flow synthesis (CHFS) method is a rapid single step method 
which results in crystalline nanoparticles. CHFS systems facilitate control over particle 
properties through a number of controllable system parameters such as temperature, 
pressure, concentration and flow rates. The CHFS of several novel nanoparticles has 
been reported in literature however, it has not been exploited for synthesis of calcium 
phosphate ceramics yet. It was postulated that the rapid nucleating and crystallising 
environment within a hydrothermal. flow reactor may facilitate accelerated synthesis of 
crystalline and nanosized calcium phosphates in a single step. Furthermore, the large 
number of variable system parameters may provide control over particle properties such 
as size and morphology, surface area, thermal stability, chemical composition, phase- 
purity and extent of ionic substitution. 
Spark plasma sintering (SPS) has recently gained importance due to high heating and 
cooling rates involved. It has been shown to result in shortened sintering times of only a 
few minutes and full densification at lower temperatures, as compared to conventional 
consolidation techniques. It was hypothesised that the initial use of smaller nano- 
bioceramics synthesised using the CHFS method for consolidation via SPS will result in 
denser nanostructured materials. This was expected to translate into enhanced 
mechanical Properties of these sintered materials. 
Based on these inferences and hypothesis, the main aims of this project can be outlined 
as follows: 
* To synthesise crystalline and phase-pure HA in the CHFS system in a rapid 
single-step manner and design a CHFS system for this purpose. 
To demonstrate control over particulate properties (with relevance to biological 
performance) using CHFS system parameters. 
To synthesise ion substituted calcium phosphates and explore substitution limits 
in the CHFS system and effects on particulate properties. 
To synthesise co-precipitates of HA and mechanically stronger phases for better 
mechanical properties after sintering. 
To consolidate the aforementioned bioceramic particles using SPS with the aim 
of improving mechanical properties of these materials. 
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Chapter 2 
Materials and Methods 
This chapter concerns experimental methods and materials used in this thesis. This 
includes details of chemicals used for reactions in the continuous hydrothermal flow 
synthesis (CHFS) system, different CHFS systems, synthesis methodology 
(calculations, reaction conditions), characterisation techniques (sample preparation and 
measurement details) and consolidation of powders via Spark Plasma Sintering (SPS). 
2.1 Materials and Chemicals 
The followin'g chemicals were used for synthesis of all phase-pure calcium phosphate 
particles in a powdered fonn. 
e Diammonium hydrogen phosphate, [(NI14)2HP04,98.3%] supplied by 
Sigma-Aldrich Chemical Company (Dorset, U. K. ) was used as a phosphate ion 
(P04 3) source. 
Calcium nitrate tetrahydrate [Ca(N03)2.4H20,99%] supplied by Sigma-Aldrich 
Chemical Company (Dorset, U. K. ) was used as a calcium ion (Caý) source. 
To synthesise ion-substituted calcium phosphate particles and zirconia-hydroxyapatite 
(Zr02-HA) composite powders the following chemicals were used. 
Urea [(NH2)2CO, - 99.5%] supplied by VWR International (UK) was used as a 
carbonate ion (C03 
2-) 
source. 
Silicon tetraacetate [Si(OCOCH3)4,98%] supplied by Sigma-Aldrich Chemical 
Company (Dorset, U. K. ) was used as a silicate ion (Si04 4) source. 
Magnesium nitrate hexahydrate [Mg(N03)2.6H20,97%] supplied by Sigma- 
Aldrich Chemical Company (Dorset, U. K. ) was used as a magnesium ion (M g2) 
source. 
Zinc nitrate hexahydrate [Zn(N03)2.6H20,98%] supplied by Sigma-Aldrich 
Chemical Company (Dorset, U. K. ) was used as a zinc ion (Zn2+) source. 
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9 Zirconyl nitrate hydrate [ZrOýN03)2. xH201 supplied by Sigma-Aldrich 
Chemical Company (Dorset, UK) was used as a source of zirconia (Zr02) in 
Zr02-HA composite powders. 
* Potassium hydroxide (KOH, 90%] supplied by VWR Intemational (UK) was 
used in the synthesis of Zr02-HA composite powders in order to provide a basic 
reaction medium in the reactor. 
All aqueous solutions for the CHFS were made using 10 MQ deionised water. Where 
required, the pH of solutions was adjusted using neat ammonium hydroxide solution 
(NfLOH, >30% w/w) supplied by VWR Intemational (UK). 
2.2 Synthesis Methods for Nanopowders 
2.2.1 Continuous Hydrothermal Flow Synthesis (CHFS) Systems 
CHFS systems based on a three-pump configuration (Figures 2-1 to 2-16) were used for 
the synthesis of all samples during the course of this work. 
t 
2.2.1.1 Continuous Hydrothermal Flow Synthesis System 1 
The first continuous hydrothermal flow system was built by P. Boldrin, Dr. A. Hebb 
and Dr. J. A. Darr of Clean Materials Technology Group (CMTG) at Department of 
Materials, Queen Mary University of London in 2005. In this work it will be referred to 
as CHFS system I (Boldrin 2008). 
The flow chart of CHFS system I in Figure 2-1 shows a three-pump configuration. The 
CHFS system I is shown in Figure 2-2. All pumps were fitted with SC-type piston 
pump heads (see Figure 2-3). One of these 305 Gilson HPLC pumps (with a 10SC 
pump head) was used to pump deionised water through the pre-heater at 10.0 mL min"'. 
In this thesis this will be called the superheated water feed. Calcium and phosphate 
source solutions were pumped using two separate 305 Gilson HPLC pumps at 
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Each "feed line" consisted of a check valve, pressure release valve and a pressure gauge 
connected using a 1/8" (" represents inches) 316 seamless stainless steel tubing with 
0.028" pipe thickness (all parts were SwagelokTm). The check valve ensured one-way 
flow and is shown in Figure 2-4. The pressure release valve was adjusted such that it 
vented just before the pressure reached 4500 psi (31 MPa) (see Figure 2-5). This was a 
safety feature that allowed pressure to dissipate in the case of blockages in the system or 
any other reason which resulted in a pressure increase. An RS pressure gauge was 
attached in parallel to the pressure release valve in order to monitor pressures. 
After passing through the valves, water in the superheated water feed then enters a 
custom-built electrically powered pre-heater made using Watlow components (Figure 
2-6). Its schematic diagram is shown in Figure 2-7 (Kellici 2006). The heater comprised 
of a main cylindrical core made out of an aluminiurn alloy (Al 6082). A hole was drilled 
in the centre of this core and a 1000 W Watlow rod cartridge heater was inserted. Six 
metres of 1/4" outer diameter 316 stainless steel seamless tubing with 0.035" wall 
thickness was wound around this core by hand (see Figure 2-8). Two 750 W Watlow 
band heaters, 4" in length and 2.5" in diameter, were then slid onto this combination. 
These parts were then insulated using an RS Excelflex insulating blanket. All the 
components were secured between two disc shaped end plates using brass studding and 
wing nuts. Watlow J-type thermocouples were used to monitor the temperature at the 
top and bottom of the pre-heater. These thermocouples and the band and cartridge 
heaters were connected into a Watlow heater controller. The temperature of the pre- 
heater was controlled and monitored using this controller. 
After passing through this pre-heater the superheated water passed into a 
counter-current reactor. The counter-current reactor consisted of a 1/8" 316SS (SS 
represents stainless steel) SwagelokTm pipe swaged into a 3/8" 316SS SwagelokTm 
cross-piece. Schematic diagram of the counter-current reactor (this will be called the 
mixing point in this thesis) is shown in Figure 2-9. The mixing zone shown in the same 
figure approximately demarcates the highest temperature zone in which most of the 
nucleation and/or growth takes place. 
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F-11 -- "-, Ak 
Figure 2-2 Continuous Hydrothermal Flow Synthesis System I [Key: A: Ca2+ source 
PUMPq M: P04 3- source pump, W: water pump, H: heater controller, P: water pre-heater, 
R: counter-current reactor (mixing point), C: cooler, B: back pressure regulator (BPR)] 
(Boldrin 2008). 
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Figure 2-3 Components of a Gilson SC-type pump head (taken from Gilson web guide 
on "SC-type Piston Pump Heads User's Guide") (Gilson 2001). 
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CHFS Sys 1 
Backup ring - PITFE 
Spring - 302 SS 
Outlet body - 316SS 
Poppet stop - 316SS 
Inlet body - 316SS 
Spring - 302 SS 
Poppet - Fluorocarbon 
Figure 24 Components of a CH series check valve used in CHFS systems and their 
material grade (image modified from Swagelok web catalogue on "Check Valves") 
(Swagelok Company 2007a). 
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Figure 2-5 Cross-sectional view of the pressure release valve (image modified from 
Swagelok web catalogue on "Proportional Relief Valves") (Swagelok Company 2007b) 
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oil 
Figure 2-6 Custom-built water pre-heater (built at the Department of Materials, 
QMUL). 
Inner insulating thin layer 
(Exc e Me x) - 
Outer band heaters (Watlow) 
75 0W Thin Band 
V47 Wdef feed C Oil 
(316 SS Swagelol 
Cold water ir-Aet 
ý Hot 
Figure 2-7 Schematic diagram of the custom built electrically powered water pre-heater 
(built in Department of Materials, QMUL) using 1/4" 316 stainless steel Swagelok TM 
tubing (adapted from design of P. Hamley, University of Nottingham) (image taken 
from PhD thesis of S. Kellici - submitted in 2006 to Department of Materials, QMUL). 
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(Watlow) 
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1111111 
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Al 6082 core 
Figure 2-8 '/4" SwagelokTm tubing wound around an Al 6082 core used in the 
pre-heater. The tubing is coloured because it has been used and this particular image 
was taken after a pre-heater was retired from use in a CHFS system. 
1/8" tube 
Hot water 
3/8" inch rod (2" long) 
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Thermocouple 













1/8" T -piece 
Figure 2-9 Schematic diagram of the counter-current reactor used in CHFS system 1. 
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Aqueous calcium and phosphate source solutions were pumped by Gilson 305 pumps 
through 1/8" 316SS Swagelok TM tubing to meet at a 1/8" 316SS Swagelok Tm T-piece. 
An initial precipitate formed at the T-piece and was then brought in contact with a 
stream of superheated water in the counter-current reactor. 
The initial precipitate, after being exposed to superheated water, then passed through a 
cooler. The cooler consisted of three concentric cylinders made out of aluminium, 
continuously cooled by cooling water as shown in Figure 2-10.1/4" 316SS tubing which 
carries the particles from the counter current reactor was wound around the inner 
cylinder. The water filled inner core cylinder and the external cylinder hence provided 
cooling from all sides. 
After cooling the particles passed through a large particle filter (15 [tm) and were 
collected as a suspension after passing through a back-pressure regulator (BPR - 
Tescom). The BPR was used to maintain the pressure at 3500 psi (-24 MPa) at all 
times. 
Cooling 
Cooling water outlets Suspension from mixing 
Cooled Suspension to 
BPR 
Figure 2-10 Schematic diagram of the cooler used in CHFS system 1. 
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2.2.1.2 Continuous Hydrothermal Flow Synthesis System 2 
The second CHFS system built by CMTG is labelled as CHFS system 2 (Figure 2-11). 
It was designed and built by A. A. Chaudhry, S. Kellici and Dr. J. A. Darr. The design 
is similar to that of CHFS system 1. However, instead of using a 3/8" 316SS 
Swagelok TM cross-piece and tubing in the mixing point, a '/4" 316SS Swagelok T" 
cross-piece and tubing was used. The aim was to have faster flow through the mixing 
zone and hence shorter residence times. A combined flow rate of 20.0 mL min-' through 
the system results in residence times of 28.3 and 9.9 seconds for 3/8" and 
'/4" cross- 
pieces, respectively. Additionally, the cooler design used for system I was replaced by a 
much simpler pipe-in-pipe type cooler (ca. 50 cm in length). The mixing point and the 
new cooler are shown in Figure 2-12. 
00b- . - 
4 
-. --. ----.. t 
Figure 2-11 Continuous Hydrothermal Flow Synthesis System 2. 
There were two main reasons for this change in cooler design. The cooler design shown 
in Figure 2-10 is complicated and over-engineered. Secondly, its usage resulted in 
constant blockages and contamination during subsequent runs. It is believed that this 
was due to particles settling (blocking) in the horizontal loops of the '/4" tubing around 
75 
the inner core of the cooler. Therefore, the new design stemmed from the need to have a 
straight vertical drop for particles in suspension. 
The '/4" 316SS Swagelok TM tubing carrying particle suspension from the mixing zone 
passes through a 1/4" 316SS Swagelok TM tube connected to a continuous cooling water 
supply. The flow of the cooling water around the 1/4" tubing was from bottom to up, 
ensunng that the outer tube of water was always full, which then provides cooling for 
the hot entry point. This arrangement is represented in Figure 2-13. As with CHFS 
system I all the parts were 316SS Swagelok TM fittings except 1/4" Brass Swagelok"m T- 
piece used in the cooler assembly. 
Figure 2-12 The '/4" 316SS Swagelok TM cross-piece, thermocouple connection point, 
flow direction of hot water (red arrows), flow direction of solutions (blue arrow), flow 
direction of suspension through the cooler (green arrow) and cooler 1/4" 316SS 
SwagelokTM of the CHFS system 2. 
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Figure 2-13 Schematic diagram of the pipe-in-pipe cooler used in CHFS system 2. 
2.2.1.3 Continuous Hydrothermal Flow Synthesis System 3 
The third continuous hydrothermal flow synthesis system (CHFS system 3) was built by 
A. A. Chaudhry and P. Boldrin of CMTG at Department of Materials, QMUL in 2006. 
The design of this system is very similar to CHFS systems I and 2. The cooler used in 
this system was much longer (ca. 1.0 m) as compared to that of system 2 (ca. 0.5 m). 
This was done to facilitate faster synthesis of particles using higher pump rates (up to 
combined rates of 50.0 mL min-) and higher temperatures (> 400 IC) by improving 
cooling. 25SC Gilson pump heads were used with all the three separate Gilson HPLC 
pumps. The mixing point was made using the larger 3/8" 316SS SwagelokTm parts in 
order to facilitate faster flow rates. 
In order to maintain same temperature of the water pre-heater and the mixing point a 
Watlow band heater (2" diameter, 2" length, 200 W, 250 V) was introduced in the 
mixing zone of the system as shown in Figure 2-14. This band heater was controlled by 
a separate temperature controller (Eurotherm 3216e). It was hypothesised that this 
would result in higher yields as compared to previous systems. Technical drawings of 
the mixing point and its constituent pipe work are shown in Figure 2-15 and Figure 
2-16. Steps of construction of the mixing point are explained in a standard operating 
procedure (SOP) attached as Appendix 'A'. 
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Figure 2-14 Mixing point of continuous hydrothermal flow system 3 showing the 










Figure 2-15 A technical drawing of the mixing point used in CHFS system 3 (prepared 
by K. Thompson of CMTG, Department of Chemistry, UCL) The SOP for construction 
of a mixing point for a CHFS system is attached as Appendix A. 
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Figure 2-16 Individual parts used in construction of the mixing point shown in Figure 
2-15 (prepared by K. Thompson of CMTG, Department of Chemistry, UCL). 
2.2.1.4 Summary 
Major differences between the three hydrothermal. flow systems are summarised below 
in Table 2-1. The residence times calculated for CHFS system 3 are summarised in 
Table 2-2. 
Table 2-1 Differences between the three CHFS systems used for the synthesis of nano- 
bioceramic powders during the work. 
CRIFS 
System 
Mixing Point Band Heater at 
Mixing Point 
Cooler Design 
1 3/8" Concentric cylinders 
2 1/4" Pipe-in-pipe (O. S rn) 
3 3/8" Present Pipe-in-pipe (1.0 m) 
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Table 2-2 Residence times calculated using a 3/8" cross-piece and tubing in CHFS 
system 3 [PI = superheated water feed, P2 = calcium source feed, P3 = phosphate 
source feed]. 
Flow Rates (mL min") Residence time 
PI P2 P3 (seconds) 
10 5 5 9.9 
20 10 10 4.9 
25 12.5 12.5 3.9 
2.2.2 Synthesis Methodology 
In this section, exact amounts of chemicals used to make solutions, synthesis conditions 
for the CHFS systems (temperature, concentration, pH, flow rates), clean up and 
centrifugation parameters and freeze drying parameters are described. 
2.2.2.1 Synthesis of Instant Hydroxyapatite and Effect of CHFS System 
Parameters 
(a) Synthesis of Hydroxyapatite (Effect of Temperature) 
9.86 g (41.75 mmoles) of calcium nitrate were added to 500 mL deionised water to 
result in 83.5 mM solution. The pH of this solution was adjusted to pH II using I mL 
of ammonium hydroxide solution. 3.30 g (25.00 mmoles) of diammonium hydrogen 
phosphate were added to 500 mL deionised water to result in a 50.0 mM solution. The 
pH of this solution was adjusted to pH 10 using 12 mL of neat ammonium hydroxide 
solution. 
Experiments were conducted using CHFS system I described in section 2.2.1.1. 
Calcium nitrate and diammonium hydrogen phosphate solutions were pumped at 
5.0 mL min-' and deionised water was pumped through the heater at 10.0 mL mirfl 
(also known as superheated water feed). Hence a Ca: P molar ratio of ca. 1.67 was 
maintained. Samples were labelled according to the temperature of the superheated 
water used, thus, samples prepared at 200,300 and 400 "C were labelled HA(200), 
HA(300) and HA(400), respectively. A fourth control experiment was conducted using 
a similar method, with the superheated water feed at 400 "C, (under acidic rather than 
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basic conditions) and a Ca: P molar ratio of 1: 1 [denoted as sample CDHA(400) where 
CD represents calcium deficiency]. 2.36 g (10.00 mmoles) of calcium nitrate 
[Ca(N03)21 were dissolved in 200 mL deionised water to result in a 50.0 mM solution 
(pH 5.5). 1.32 g (10.00 mmoles) of diammonium hydrogen phosphate [(NH4)2HP041 
were dissolved in 200 mL of deionised water to result in a 50.0 mM solution (PH 8.5). 
The pH of these solutions was not adjusted in order to maintain an acidic pH during 
reaction. All reactions were carried out under a pressure of 24 MPa. 
After collection at the end of the BPR, the particles were centrifuged at 4500 rpm for 3 
min in 50 mL Falcon centrifuge tubes (per 50 mL suspension). Then ca. 45 mL of clear 
liquid was removed and the centrifuge tubes were refilled with ca 45 mL deionised 
water. The tubes were shaken vigorously in order to redisperse the precipitate and 
subsequently re-centrifuged at 4500 rpm for 3 min prior to freeze drying for 18 hours at 
1x 10-4 mbar. All samples were frozen using liquid N2 prior to freeze drying'. 
(b) Synthesis of Hydroxyapatite (Effect of pH and Ca: P Molar ratio on Thermal 
stability) 
Six separate reactions were carried out to study the effects of pH and Ca: P molar ratio 
on the end products. Ca: P molar ratios used in the feeds were either 1.0,1.67 or 2.0. For 
each case, samples were synthesised under either acidic (pH 4.5) or basic (pH 9.5) 
conditions, respectively (pH measured from the suspension exiting the BPR). 
1.18 g (5.00 mmoles), 1.97 g (8.40 mmoles) and 2.36 g (10.00 mmoles) of calcium 
nitrate were separately dissolved in 100 mL deionised water to result in three separate 
100 mL solutions. All these solutions were duplicated to prepare another set of three 
identical solutions. The concentrations of these solutions were 50.0 mM, 83.5 mM and 
100.0 mM and were intended to result in Ca: P molar ratios of'1.0,1.67 and 2.0 
respectively. The pH of all calcium nitrate solutions was 5.5. For synthesis under acidic 
conditions the solutions were used directly, whereas for synthesis under basic 
conditions, the pH was adjusted to pH II by adding I mL ammonium hydroxide 
solution to each solution. 
0.66 g (5.00 mmoles) of diammonium hydrogen phosphate were dissolved in 100 mL 
deionised water to result in a 50.0 mM solution. In total six identical solutions were 
prepared. The pH of all dianunonium hydrogen phosphate solutions was 8.5. For 
synthesis under acidic conditions solutions were used without pH adjustment and for 
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synthesis under basic conditions, the pH was adjusted to pH 10 by adding 3 mL neat 
ammonium hydroxide solution to each solution. 
The samples were labelled as I -A, 1.67-A and 2-A for acidic and I -B, 1.67-B and 2-B 
for basic conditions. The first number in the sample ID specifies the Ca: P molar ratio in 
solution and A and B stand for acidic (pH 4.5) or basic (pH 9.5) conditions, 
respectively. These pH values were measured from suspensions immediately after 
collection. Therefore, sample I-A was synthesised at acidic pH (pH 4.5) with an 
intended Ca: P molar ratio of 1.0. Similarly, sample 1.67-A was synthesised at acidic pH 
(pH 4.5) with an intended Ca: P molar ratio of 1.67 and so on. 
These reactions were carried out using CHFS system 3 as explained in section 2.2.1.3. 
Pump rates of 25.0,12.5 and 12.5 mL min7l were used for superheated water feed, 
calcium nitrate and diammoniurn hydrogen phosphate solutions, respectively. All 
reactions were carried out at 450 "C and 24 MPa. 
(c) Synthesis of Hydroxyapatite (Effect of Different Flow rates and Temperature 
and Use of Heater at Mixing Point) 
19.72 g (83.5 mmoles) of calcium nitrate were dissolved in 1000 mL deionised water to 
result in 83.5 mM stock solution. The pH of this solution was adjusted to pH II by 
adding 2.5 mL of neat ammonium hydroxide solution. 6.61 g (50.00 mmoles) of 
diammonium hydrogen phosphate were dissolved in 1000 mL of deionised water to 
result in a50.0 mM stock solution. The pH of this solution was adjusted to pH 10 using 
30 mL of neat ammonium hydroxide solution. In total, 10 different reactions were 
carried out using 100 mL of calcium nitrate and diammonium hydrogen phosphate 
solutions for each case (for reaction parameters see Table 2-3). 
The flow rate regimes will be referred to as follows in this chapter; "slow" for 10.0,5.0 
and 5.0 mL min-' (total 20.0 mL min-'), "medium" for 20.0,10.0 and 10.0 mL min" 
(total 40.0 mL mid') and'! fast" for 25.0,12.5 and 12.5 mL min" (total 50.0 mL min-'). 
The three flow rates represent flow rates of superheated water, calcium nitrate and 
diammonium hydrogen phosphate solutions, respectively. 
The temperature regime designation is explained as follows. The number represents thd 
synthesis temperature and if this number is written with the letter "h", it indicates that a 
mixing zone heater regulated at the same temperature was also used. Therefore, 
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temperature regime 400 represents a synthesis temperature of 400 *C without a mixing 
zone heater. Similarly, temperature regime 450h represents a synthesis temperature of 
450 'C with the mixing zone heater also set at 450 'C. 
The slurries from both sets of reactions [sections 2.2.2.1 (b) and (c)] were collected 
from exit of the back-pressure regulator (at the end of the CHFS system) in 50 mL 
Falcon tubes. Between consecutive collections, the CHFS system was purged with clean 
water for 10 minutes. Each slurry was centrifuged at 4000 rpm for one minute (per 50 
mL suspension), ca. 45 mL of liquid was removed from each sample and ca. 45 mL de- 
ionised water was added followed by vigorous shaking. Each sample was then re- 
centriftiged at 4500 rpm for I minute and ca 45 mL liquid was removed for a final time 
to give concentrated slurry. The slurries were placed in a freezer at -5 "C for 60 minutes 
and then freeze-dried for 18 hours at 1 x10-4 mbar. 
Table 2-3 Aims of the 10 reactions, corresponding flow rates and in-text designation 
codes, temperature regimes and in-text designation [P I= superheated water flow rate, 




Aim # Designation Mixing Designation 
Pi P2 P3 Heater zone 
heater 
1 25.0 12.5 12.5 400 0 400 
Fixed flow 
rate, 
2 25.0 12.5 12.5 400 400 400h 
fast 
varying 3 25.0 12.5 12.5 450 0 450 
T emp 
4 25.0 12.5 12.5 450 450 450h 
Temp. 5 10.0 5.0 5.0 slow 400 0 400 
fixed at 
6 20.0 10.0 10.0 medium 400 0 400 400 'C, 
varying 7 25.0 12.5 12.5 fast 400 0 400 
flow rates 
Temp. 8 10.0 5.0 5.0 slow 450 450 450h 
fixed at 450 9 20.0 10.0 10.0 medium 450 450 450h "C, varying 
flow rates 10 25.0 12.5 12.5 fast 450 450 450h 
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2.2.2.2 Synthesis of Carbonate and Silicate Substituted Calcium Phosphates 
(a) Synthesis of Carbonate Substituted Calcium Phosphates 
39.44 g (167.00 mmoles) of calcium nitrate were dissolved in 2000 mL deionised water 
to result in 83.5 mM stock solution. The pH of this solution was adjusted to pH II by 
adding 5 mL neat ammonium hydroxide solution. All calculations were based on the 
formula Cal O(PO4)6-x(CO3)x(OH)2ý wherein it was assumed that carbonate ions partially 
substitute phosphate ions in the hydroxyapatite lattice. 
For a typical reagent solution, urea and diammonium. hydrogen phosphate were 
accurately weighed and added to 300 mL deionised water so that the combined 
carbonate (C03 2') and phosphate (P04 3-) ion concentration was 50.0 mM. The pH of this 
solution was adjusted to pH 10 by adding 9 mL of neat ammonium hydroxide solution. 
In all, five reactions were carried out for this study, the experimental details of which 
are shown in Table 2-4. The sample ID 7.5CO3-HA represents a sample with 7.5 wtO/o 
expected carbonate content in HA. Similarly, sample ID 11.5CO3-HA represents a 
sample with 11.5 wt% expected carbonate content and so on. 
CHFS system 2 was used for these reactions with pump rates of 10.0,5.0 and 
5.0 mL min" for the superheated water feed, calcium nitrate and diammonium hydrogen 
phosphate/urea solutions, respectively. A Ca: [P04 3-+CO3 2] molar ratio of ca 1.67 was 
hence maintained in all reagent solutions. All reactions were carried out using a 
superheated water feed at 400 'C and 24 MPa. All samples were centrifuged, washed 
and freeze-dried as explained earlier; see section 2.2.2.1 (a). 
(b) Synthesis of Silicate Substituted Calcium Phosphates 
For these reactions it was assumed that silicate ions partially substitute phosphate ions 
in HA lattice [Cal O(PO4)6-x(SiO4),, (OH)2-xl - In reactions for samples ISMA to 5SiHA 
(details in Table 2-5), the required amount of silicon acetate was dissolved in 100 mL of 
83.5 mM calcium nitrate solution [1.97 g (8.40 mmoles) in 100 mL deionised water]. 
The sample ID I SMA represents a sample with 1.0 wt% expected silicon content and so 
on. 
For samples 6SiHA to lOSiHA, the required amount of silicon acetate was dissolved in 
100 mL of 41.8 mM calcium nitrate solution. 0.99 g (4.20 mmoles) of calcium nitrate 
were added to 100 mL deionised water for this solution. This was because higher 
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concentrations of silicon acetate were not soluble in 83.5 mM calcium nitrate. For 
samples ISMA to 5SiHA, the concentration of diammonium. hydrogen phosphate 
solutions was (50 - C) mM, where C is the concentration of silicon acetate (in mM). 
Similarly, the concentration of diammonium, hydrogen phosphate solutions for samples 
6SiHA to IOSiHA was (25 - concentration of silicon acetate) mM. All these details are 
summarised in Table 2-5. The pH of these 100 mL diammoniurn hydrogen phosphate 
solutions was adjusted to pH 10 by adding 3 mL of neat ammonium hydroxide solution. 
Table 2-4 Sample IDs, expected wt% of carbonate, x values [according to 





(NH4)21IP04 (300 mL 
deionised water) 
(NH2)2CO added to 
300 mL (NH4)21IP04 
solution 
mmoles Wt (g) mmoles Wt (g) 
7-5CO3-IIA 7.5 1.2 12.00 1.59 3.00 0.18 
ll-5CO3-HA 11.5 1.8 10.50 1.39 4.50 0.27 
15.7CO3-IIA 15.7 2.4 9.00 1.19 6.00 0.36 
20C03-IIA 20.0 3.0 7.50 0.99 7.50 0.45 
24.6CO3-IIA 24.6 3.6 6.00 0.79 9.00 0.54 
CHFS system 3 was used for these reactions and pump rates of 10.0,5.0 and 
5.0 mL min" were used for superheated water feed, calcium nitrate/silicon acetate and 
diammonium hydrogen phosphate solutions, respectively. A Ca: [P04 3-+Sio 4 4-] molar 
ratio of ca 1.67 was hence maintained in all reactions. All reactions were carried out 
using a superheated water feed at 400 *C and 24 MPa. All swnples were centrifuged, 
washed and freeze-dried as explained earlier; see section 2.2.2.1 (a). 
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Table 2-5 Sample IDs, expected wt% of silicon, x' values [according to 
CaiO(PO4)6-x(SiO4),. (OH)2-x] and corresponding amounts of reagents used. *These 
reactions were run at half concentration due to the inability to dissolve silicon acetate in 





(NH4)2ffP04 (in 100 mL 
deionised water) 
Si(OCOCH3)4 (added to 100 
mL (NH4)21HP04 SOlUtiOn) 
rnmoles Wt (g) mmoles Wt (g) 
ISMA 1 0.4 4.70 0.62 0.30 0.08 
2SMA 2 0.7 4.40 0.58 0.60 0.15 
3SiHA 3 1.0 4.10 0.55 0.90 0.23 
4SMA 4 1.4 3.90 0.51 1.10 0.30 
5SMA 5 1.7 3.60 0.47 1.40 0.37 
6SiHA* 6 2.0 1.70 0.22 0.80 0.22 
8SiHA* 8 2.6 1.40 0.19 1.10 0.29 
IOSiHA* 10 3.2 1.20 0.16 
1 
1.30 0.35 
2.2.2.3 Synthesis of Magnesium and Zinc Substituted Calcium Phosphates 
(a) Synthesis of Magnesium Substituted Calcium Phosphates 
For these reactions it was assumed that magnesium ions partially substitute the calcium 
ions in HA. Hence all calculations were based on the formula for Mg-substituted HA, 
Cal O-xMgx(PO4)6(OH)2. For a typical reagent solution, magnesium nitrate and calcium 
nitrate were accurately weighed and added to 100 mL deionised water so that the total 
metal ion concentration was 83.5 mM (see Table 2-6). 
13.21 g (100.00 mmoles) of diammonium hydrogen phosphate were dissolved in 
2000 mL deionised water to result in a 50.0 mM stock solution. The pH of this solution 
was adjusted to pH 10 by adding 60 mL of neat ammonium hydroxide solution. Sample 
ID 0.5Mg-CaP represents a sample with 0.5 wt% magnesium in the solution based on 
the aforementioned formula. Similarly lMg-CaP represents a sample with 1.0 wt% 
magnesium and so on. 
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Table 2-6 Sample IDs, expected wVYo of magnesium, x values [according to 




Ca(N03)2.4H20 (in 100 mL 
deionised water) 
Mg(N03)2.6H20 (added to 
100 mL Ca(NO3)2 SOlUtiOn) 
mmoles Wt (g) mmoles Wt (g) 
O. 5Mg-CaP 0.5 0.2 8.20 1.93 0.20 0.04 
lMg-CaP 1 0.4 8.00 1.89 0.40 0.09 
1.5Mg-CaP 1.5 0.6 7.80 1.85 0.50 0.13 
2Mg-CaP 2 0.8 7.70 1.81 0.70 0.18 
4Mg-CaP 4 1.6 7.00 1.65 1.40 0.35 
6Mg-CaP 6 2.4 6.40 1.50 2.00 0.51 
8Mg-CaP 8 3.1 5.70 1.35 2.60 0.67 
IOMg-CaP 10 3.9 5.10 1.2 i 3.20 0.83 
12Mg-CaP 12 4.6 4.50 1.07 3.90 0.99 
14Mg-CaP 14 5.3 3.90 0.93 4.40 1.14 
F-M-9P 28.7 10 0 0 8.4 2.14 
CHFS system 3 was used to carry out these reactions and pump rates of 20.0,10.0 and 
10.0 mL min-' were used for superheated water feed, calcium/magnesium nitrate and 
diammonium. hydrogen phosphate solutions, respectively. A (Ca + Mg): P molar ratio of 
ca. 1.67 was hence maintained. All reactions were carried out using a superheated water 
feed at 400 *C and 24 MPa (mixing zone heater was also set to 450 "C). All samples 
were centrifuged, washed and freeze-dried as explained earlier; see section 2.2.2.1 (c). 
(b) Synthesis of Zinc Substituted Calcium Phosphates 
For these reactions it was assumed that zinc ions partially substitute calcium ions in HA 
according to the following fonnula; Cal o.,, Zn,, (P04)6(OH)2. For a typical reagent 
solution in the reactor, zinc nitrate and calcium nitrate were accurately weighed and 
added to 100 mL deionised water so that the total metal ion concentration was 83.5 mM 
(see Table 2-7). 
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Table 2-7 Sample IDs, expected wt% of zinc, x values [according to 




Ca(NO3)2.4H20 (in 100 mL 
deionised water) 
Zn(NO3)2.6H20 (added to 
100 mL Ca(NO3)2 solution), 
mmoles Wt (g) mmoles Wt (g) 
1.3Zn-CaP 1.3 0.2 8.20 1.93 0.20 0.05 
5. IZn-CaP 5.1 0.8 7.70 1.81 0.70 0.20 
IOZn-CaP 10.0 1.6 7.00 1.66 1.30 0.40 
14.7Zn-CaP 14.7 2.4 6.40 1.50 2.00 0.60 
19.3Zn-CaP 19.3 3.2 5.70 1.34 2.70 0.80 
23.7Zn-CaP 23.7 4.0 5.00 1.18 3.30 0.99 
28Zn-CaP 28 4.8 4.40 1.03 4.00 1.19 
32Zn-CaP 32 5.6 3.70 0.87 4.70 1.39 
6.61 g (50.00 mmoles) of diammoniurn hydrogen phosphate were dissolved in 1000 mL 
deionised water to result in a 50.0 mM stock solution. The pH of this solution was 
adjusted to pH 10 by adding 30 mL of neat ammonium hydroxide solution. Sample ID 
1.3Zn-CaP represents a sample with expected 1.3 wt% zinc based on the 
aforementioned formula. Similarly 5. lZn-CaP represents a sample with expected 5.1 
wt% zinc and so on. 
CHFS system 3 was used for syntheses and pump rates of 25.0,12.5 and 12.5 mL min" 
were used for superheated water feed, calcium/zinc nitrate and diammonium. hydrogen 
phosphate solutions, respectively. A (Ca + Zn): P molar ratio of ca. 1.67 was hence 
maintained in all the reactions. All reactions were carried out using a superheated water 
feed at 450 'C and 24 MPa (mixing zone heater was also set to 450 IC). All samples 
were centrifuged, washed and freeze-dried as explained earlier; see section 2.2.2.1 (c). 
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2.2.2.4 Synthesis of Hydroxyapatite, Calcium Doped Zirconia- 
Hydroxyapatite (CDZ-HA) Mixtures and Ion-Substituted Calcium 
Phosphate Powders for Spark Plasma Sintering 
(a) Synthesis of Hydroxyapatite 
HA for spark plasma sintering was synthesised using two different Ca: P molar ratios in 
solution (1.67 and 2.0). 
(i) Ca: P molar ratio of 1.67 
19.72 g (83.50 mmoles) of calcium nitrate were dissolved in 1000 mL deionised water 
to result in a 83.5 mM concentration. The pH of this solution was adjusted to pH II 
using 2.5 mL of neat ammonium hydroxide solution. 6.61 g (50.00 mmoles) of 
diammoniurn hydrogen phosphate were dissolved in 1000 mL deionised water to result 
in 50.0 mM concentration. The pH of this solution was adjusted to pH 10 by adding 
30 mL of neat ammonium hydroxide solution. This sample was labelled t-HA(450)* 
where t represents the 1.67 (low) ratio, 450 *C is the synthesis temperature and the 
denotes the use of a band heater. 
(ii) Ca: P molar ratio of 2.0 
23.62 g (100.00 mmoles) of calcium nitrate were dissolved in 1000 mL deionised water 
to result in a 100.0 mM concentration. The pH of this solution was adjusted to pH II 
using 2.5 mL of neat ammonium hydroxide solution. 6.61 g (50.00 mmoles) of 
diammoniurn hydrogen phosphate were dissolved in 1000 mL deionised water to result 
in a 50.0 mM concentration. The pH of this solution was adjusted to pH 10 by adding 
30 mL of neat ammonium hydroxide solution. This sample was labelled m-HA(450)* 
where m represents the 2.0 (medium) ratio, 450 'C is the synthesis temperature and the 
* denotes the use of a band heater. 
(b) Synthesis of CDZ-HA mixtures 
CDZ-HA mixtures were synthesised using two different Ca: P molar ratios in solution 
(1.67 and 2.5). In total, seven reactions were carried out for this study. 
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(i) Ca: P molar ratio of 1.67 
Two identical solutions of calcium nitrate were prepared by adding 19.72 g 
(83.50 mmole) in 1000 mL deionised water to result in 83.5 mM concentration. 6.04 g 
(26.00 mmole) of zirconyl nitrate were added to the first 1000 mL of 83.5 mM calcium 
nitrate solution (pH 2). Assuming 100% yields of HA and Zr02 this composition will 
yield 25 wt% Zr02 in HA (theoretically calculated). 18.12 g (78.40 mmoles) of zirconyl 
nitrate were added to the second 1000 mL of 83.5 mM calcium nitrate solution (pH 2). 
Assuming 100% yields this composition will yield 50 wt% Zr02 in HA (theoretically 
calculated). 13.20 g (100.00 mmole) of diammoniurn hydrogen phosphate were 
dissolved in 2000 mL deionised water to prepare a stock solution with 50.0 mM 
concentration. These samples are labelled as L-25 and L-50 (where L represents a lower 
Ca: P molar ratio of 1.67 and the number represents the theoretically calculated weight 
percentage of zirconia in the mixture). 
(ii) Ca: P molar ratio of 2.5 
Four identical solutions of calcium nitrate were prepared by adding 29.52 g (125.00 
mmole) in 1000 mL deionised water to result in a 125.0 rnM concentration (PH 2). 
0.95 g (4.00 mmole), 2.01 g (9.00 mmole), 6.04 g (26.00 mmole) and 18.13 g 
(78.00 mmole) of zirconyl nitrate were added to each of these four calcium nitrate 
solutions separately (pH 2 for all four solutions). These corresponded to expected 
5 wt%, 10 wt%, 25 wt% and 75 wt% Zr02 in HA, respectively (amounts were 
theoretically calculated). 
26.42 g (200.00 mmole) of diammoniurn hydrogen phosphate were added to 4000 mL 
of deionised water to result in a stock solution of 50.0 mM concentration. The pH of 
this solution was adjusted to pH 10 by adding 120 mL of neat ammonium hydroxide 
solution. These samples are labelled as H-5, H-10, H-25 and H-50 (where H represents 
a higher Ca: P molar ratio of 2.5 and the number represents the theoretically calculated 
weight percentage of zirconia in the mixture). 
Another sample was prepared by dissolving 16.53 g (70.00 mmole) of calcium nitrate 
and 30.06 g (130.00 mmole) of zirconyl nitrate in 500 mL deionised water to result in 
an overall 400.0 mM concentration. 1000 mM KOH solution (pH 14) was prepared by 
dissolving 23.06 g (411.00 mmole) in 1000 mL deionised water. This sample is labelled 
as H- 100 (H in this case represents excess calcium). 
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(c) Synthesis of Ion-Substituted Calcium Phosphate Powders 
In total eight reactions were carried out for this study which included six ion-substituted 
and two HA samples (with 1.67 and 2.0 in-solution Ca: P molar ratio). The samples are 
labelled as 7.5CO3-HAO [solution preparation explained in section 2.2.2.2 (a)], 
5Si-HAO [see section 2.2.2.2 (b)], 0.5Mg-CaPO, 1.5Mg-CaPO, 6Mg-CaPO [see 2.2.2.3 (a)] 
and 1.3Zn-CaPO [see section 2.2.2.3 (b)]. The two HA samples were prepared as 
described earlier in section 0 (a). The reagent concentrations and method of solution 
preparation was identical to that for samples with identical sample IDs. However, in this 
case, the 0 suffix represents different CHFS parameters (faster flow rates and use of a 
mixing zone heater). 
All these samples [in section 2.2.2.4 (a) to (c)] were synthesised using flow rates of 
25.0,12.5 and 12.5 mL min" for superheated water feed, calcium nitrate (mixed with 
corresponding substituting ion source or zirconyl nitrate) and diammonium hydrogen 
phosphate (mixed with corresponding substituting ion source) solutions, respectively. 
For sample H-100, the third flow rate of 12.5 mL min" represents the pumping rate of 
KOH solution. The synthesis temperature was set at 450 IC while the small 200 W band 
heater in the mixing zone was also adjusted to 450 *C. All samples were centrifuged, 
washed and freeze-dried as explained earlier; see section 2.2.2.1(c). However, sample 
m-HA(450)* [mentioned in 2.2.2.4 (a)] required centrifugation at 5000 rpm for 20 
minutes. 
The sintering parameters for spark plasma sintering for all these nano-bioceramics are 
discussed in section 6.3 of Chapter 6. 
2.3 Characterisation and Sintering 
In this section, techniques used to characterise as-crystallised powders from the CHFS 
systems and sintered disks and are explained. Equipment and methodology for Spark 
Plasma Sintering (SPS) is also explained. 
2.3.1 Centrifugation 
A Sigma 4K1 5 Centrifuge with a rotor housing four buckets, having a capacity of seven 





Figure 2-17 Close up inside the centrifuge showing the rotor with a capacity of four 
buckets. 
2.3.2 Freeze Drying 
After centrifugation all samples were freeze-dried using a Virtis Advantage Freeze 
Dryer, Model 2.0 ES, supplied by BioPharma. Samples were frozen prior to freeze 
drying. With exception of samples mentioned in section 2.2.2.1 (a) which were frozen 
by adding liquid nitrogen to the centrifuge tubes, all other samples in this thesis were 
frozen by placing them in a freezer at -5 'C for at least I hour prior to freeze drying. 
Freeze drying was carried out for 18 hours under a ca. Ix 10-4 mbar vacuum. 
2.3.3 Microscopy 
2.3.3.1 Optical Microscopy 
An Olympus BX-60 Optical Microscope located at the NanoVision Centre of 
Department of Materials at Queen Mary University of London was used to capture 
images of indents on sintered samples. Olympus Imaging software was used to capture 
the images in JPEG format on a PC and to measure the indent size. 
2.3.3.2 Scanning Electron Microscopy 
A JEOL JSM-630OF scanning field emission electron microscope located at Department 
of Materials of Queen Mary University of London (London, UK) was used to analyse 
the microstructure of fractured surfaces of sintered disks. Disks were gold coated prior 
to use in the FESEM. 
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Sintered disks were also observed under a FEI Inspect-F scanning electron microscope 
located at the NanoVision centre of Department of Materials, Queen Mary University of 
London (London, UK). Samples were gold coated prior to use in the SEM. 
An Oxford Instruments Inca 400 EDS detector connected to a scanning electron 
microscope (JEOL 5410 LZSEM) at Eastman Dental Institute, UCL (London, UK) was 
used to carry out the elemental analysis for all the samples. Averages of 10 area scans 
were used to calculate average elemental composition. The SEM was operated at 25 kV 
and all samples were carbon coated prior to measurement. 
2.3.3.3 Transmission Electron Microscopy 
A Jeol 2010 Transmission Electron Microscope (TEM) located at Department of 
Materials of Queen Mary University of London (London, UK) was used for generating 
images of particles. A 200 kV accelerating voltage was used. Powdered samples were 
suspended in ethanol and ultrasonicated for two minutes to yield a very dilute 
suspension. 3 mm diameter copper grids (procured from Agar Scientific) were dipped in 
the suspension and were extracted and dried prior to use in a single tilt holder of the 
TEM. Image Tool UTHSCSA version 3.0 software was used for estimating particle 
size. Furthermore, the EDS detector attached to this TEM was also used for elemental 
analysis. 
The high resolution TEM image of sample HA(400) in Chapter 3 was captured on an 
FEI Tecnai F20 Supertwin at Johnson Matthey (London, UK). A JEOL 4000HR TEM 
located at Department of Materials, University of Oxford (Oxford, UK) was used for 
generating images on selected samples mentioned in Chapter S. All HR-TEM images 
were analysed using the Digital Micrograph software developed by Gatan. 
2.3.4 X-ray Diffraction (XRD) 
2.3.4.1 Siemens D5000 X-ray Diffractometer 
Purity and phase composition of the samples were determined by powder x-ray 
diffraction (XRD) using a Siemens/Bruker D5000 Diffractometer with monochromatic 
Cu-K,, radiation (X = 0.15418 nm). This diffractometer is located at the Department of 
Materials, Queen Mary University of London. The generator power settings were 
40 mA and 40 W. Short scans were collected over the 20 range 5-700 with a step size of 
0.02* and a count time of 1 second. Long scans were collected over the 20 range 5-1100 
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with a step size of 0.02* and a count time of 10 seconds. Phases were identified using 
the Joint Committee on Powder Diffraction Standards (JCPDS) database, in the XRD 
evaluation prograin Diffracplus EVATm Version 5.0 (Bruker-AXS, Germany). 
2.3.4.2 X-pert Pro PW3064/60 Diffractometer 
An X-pert Pro PW3064/60 diffractometer with a high-throughput stage was also used 
for collection of x-ray diffraction patterns. This diffractometer is located the Department 
of Materials of Queen Mary University of London and the samples were run by 
Dr. R. M. Wilson. Continuous scans were collected over the 20 range 5-120* with a step 
size of 0.033423' for 200 s per step. 
2.3.4.3 Stoe StadiP Transmission Capillary Powder Diffractometer 
Rietveld refinement was carried out for representative magnesium substituted samples. 
Data was collected on a Stoe StadiP transmission capillary powder diffractometer 
situated in the Department of Chemistry of UCL. This work was carried out as 
collaboration between CMTG, UCL and Dr. J. Cockcroft and Dr. M. Vickers. The 
equipment was operated by Dr. M. Vickers. The X-ray tube was run at 40 mA and 
30 kV onto a copper target monochromated by a Ge III crystal to select the Ka I 
wavelength at 1.54056 A. Diffracted X-rays were collected with a Linear Position 
Sensitive Detector covering a nominal 6" 20. Samples were prepared by sieving at 75 
microns and mounting in a 0.3 nim borosilicate glass capillary. The detector was 
scanned from 2 to 95 * 20 stepping at 0.1' 20 with a count time of 30 seconds per step 
and repeated 8 times. The 8 scans were compared and checked for consistency and then 
added together to created a summed data set. The long scan time was necessary to 
provide statistically viable data from weaker peaks. 
Analysis of the data was done with the PROFIL Rietveld refinement program 
(Cockcroft 2005). The unit cell of the hydroxyapatite model was being studied, not the 
atomic positions or occupancies, so these were fixed from the published models. If 
present, the Whitlockite model was included and its unit cell refined to improve the 
Rwp fit values. The models used for the refinement were taken from the ICSD 
(International Centre for Diffraction Studies) with HA from Sudarsanan and Young and 
co-workers and Whitlockite from Schroeder et. al (Schroeder et al. 1977; Sudarsanan & 
Young 1982). 
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2.3.4.4 Briiker D8 Advance Diffractometer 
A BrUer D8 Advance diffractometer with a Ni filtered Cu-Ka radiation and a Lynx 
Eye detector was used to study in-situ phase behavior of HA-Zr02 Samples as a function 
of temperature. This work was carried out at Eastman Dental Institute (EDI), UCL, 
London and the equipment was operated by Prof. J. Knowles. To perform the high 
temperature experiments, an Anton Paar HTKl 6 heating stage with an Anton Paar TCU 
2000 control unit was used, integrated with the BrUker control software. The as- 
precipitated powders were placed on a platinum heater stage. Heating temperature was 
observed using a R-type thermocouple welded to the bottom of the platinum heater strip 
(temperature accuracy ± 1K). After sealing, the platinum heater enclosure was purged 
with air at a2 mL min- 1 flow rate. The sample was heated at 10 'C min" up to 1200 'C. 
Data was collected over 20 ranges of 21 - 36* and 48-52" with a step size of 0.02 and a 
count time of 1s after 50' intervals. During collection, the sample temperature was kept 
constant. 
The scan parameters and types of diffractometers used for all the samples in this thesis 
are surnmarised in Table 2-8. The crystallite, size was calculated using the Scherrer 




Where t= crystallite size in run, %= wavelength of X-rays, B= full-width at half- 
maximum in radians, 0= angle corresponding to the peak. 
2.3.5 Brunauer, Emmet, Teller Surface Area Analysis 
Brunauer, Emmet, Teller (BET) surface area measurements (using N2 gas adsorption 
method), were performed on a Micromeritics Gemini analyser located at the Department 
of Materials of Queen Mary University of London. BET tubes were washed and dried 
overnight in an oven at 100 'C. The tubes were allowed to equilibrate with the system 
for an hour at 80 *C while being purged with nitrogen. Then the powders were weighed, 
and degassed at 80 *C for 2 hours. After the drying they were weighed again and then 
analysed. 
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Table 2-8 Scan parameters [20 (1) range, step size (') and count time per step 
(seconds)] and types of diffractometers used for all samples. 
Scan Parameters 
Sample Series [corresponding Count 
20 range Step size Diffractometer section] time 
(seconds) 
Instant Hydroxyapatite [2.2.2.1 
(a)] 
5 110 0 02 1 0 Si D5000 - . . emens C03 2- substituted calcium 
phosphates [2.2.2.2 (a)] 
SiO44- substituted calcium X-pert Pro 
5-120 0.033423 200 
phosphates [2.2.2.2 (b)] PW3064/60 
Mg2+ substituted calcium 5-70 0.02 10 Siemens D5000 
phosphates [2.2.2.3 (a)] 
XRD patterns for Rietveld Stoe StadiP 
Refinement on selected 2-95 0.1 30 Transmission 
compositions [2.2.2.3 (b)] Capillary 
Zn2+ substituted calcium 
phosphates [2.2.2.3 (b)] 
5 120 0 033423 200 
X-pert Pro 
- . HA and Zr02-HA powders for PW3064/60 
SPS [2.2.2.4] 
VT-XRD on selected Zr02-HA 
21-36 0.02 1.0 Braker D8 Advance 
compositions 
Ion-substitutcd calcium X-pert Pro 
phosphate powders for SPS 5-120 0.033423 200 PW3064160 
[2.2.2.4 (c)] 
X-pert Pro 
All SPS Discs 5-120 0.033423 200 
PW3064/60 
ý. 3.6 Fourier Transform Infrared and Raman Spectroscopy 
Rarnan and Fourier Transform Infra Red (FTIR) spectroscopy were carried out in order 
. to detect phases and determine phase composition (and hence supplement XRD data). 
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2.3.6.1 Raman Spectroscopy 
A Nicolet Almega Dispersive Raman Spectrometer (785 mn laser) was used. The data 
was collected in different wavenumber ranges for different series of samples and the 
number and time of scans were optimised for reliable data (minimum fluorescence) in 
shortest period of time without any compromise in data quality (details in Table 2-9). 
Table 2-9 Sample series and corresponding sections of the chapter, type of sample 
compartment, number of scans and average scan time. 
Sample Compartment 
Sample Series No. of Scan time 
[corresponding section] XYZ- scans (seconds) 
stage 
Microscope 
Instant Hydroxyapatite 128 10 [2.2.2.1 (a)] 
C03 2- substituted calcium 20 2 
phosphates [2.2.2.2 (a)] 
Si04 4- substituted calcium 20 2 
phosphates [2.2.2.2 (b)] 
Mg Z+ substituted calcium 20 2 
phosphates [2.2.2.3 (a)] 
Zný+ substituted calcium 20 2 
phosphates [2.2.2.3 (b)] 
Zr02-HA [2.2.2.4 (b)] 64 1 
Sintered Discs 64 1 
Figures 2-18 and 2-19 show the XYZ stage and microscope compartment of the Nicolet 
Almega Dispersive Raman Spectrometer. The XYZ stage required a sample holder. 
These sample holders were made of either brass or aluminium. and powered samples 
were packed in a cavity on their surface. The microscope compartment was easier to 
use, because samples (both powdered and bulk) were placed on a quartz slide under the 
microscope. I 
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Figure 2-18 The XYZ stage of the Nicolet Almega Dispersive Raman Spectrometer. 
Figure 2-19 The microscope compartment of Nicolet Almega Dispersive Raman 
Spectrometer. 
2.3.6.2 Fourier Transform Infra Red (FTIR) Spectroscopy 
Fourier-Transform Infrared (FTIR) spectra of the samples were collected using a 
Nicolet FTIR 800 spectrometer, fitted with a helium purged photoacoustic sampler 
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(MTec PAS cell) or a diffuse reflectance infra-red fourier transform sampling (DRIFTS) 
cell, controlled by a 680D Spectral Workstation (in the mid-infrared region). 
(a) PAS Cell 
Using the PAS cell spectra were obtained in the wave number range 4000 - 400 cm-1, at 
8 cm-1 spectral resolution, averaging 256 scans. In order to get rid of atmospheric C02, 
the sample chamber was purged with pre-dried helium gas (passed over magnesium 
perchlorate). The background spectrum was collected using carbon black and all spectra 
were adjusted accordingly (see Table 2-10). Figure 2-20 shows the PAS cell. 
Figure 2-20 MTec PAS cell used in the Nicolet FTIR 800 spectrometer. 
(b) DRIFTS Cell 
Prior to use in the DRIFTS cell samples were ground into a fine powder and diluted 
with approximately 90 % potassium bromide powder. Spectra were obtained in the 
wave number range 4000 - 400 cm-1 with 64 scans and a spectral resolution of 8 cm-1. 
Backgrounds were collected using a polished mirror and all spectra were adjusted 
accordingly (see Table 2-10). 
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Figure 2-21 DRIFTS cell used in the Nicolet FTIR 800 spectrometer. 
Table 2-10 Sample series, FTIR cell type, number of scans and spectral resolution. 
Cell Type 




reso ut on 
-1 (cm 
PAS DRIFTS 
Instant Hydroxyapatite 256 4 [2.2.2.1 (a)] 
C032- substituted calcium 
256 8 
phosphates [2.2.2.2 (a)] 
Si04 4- substituted calcium 
256 8 
phosphates [2.2.2.2 (b)] 
Mg 2+ substituted calcium 
256 8 
phosphates [2.2.2.3 (a)] 
Zn 2+ substituted calcium 
64 8 
phosphates [2.2.2.3 (b)] 
2.3.7 29Si Magic Angle Spinning Nuclear Magnetic Resonance 
29Si magic angle spinning nuclear magnetic resonance (MAS-NMR) was carried out for 
sample 5-SiHA using the solid-state NMR research service at Department of Chemistry, 
Durham University (Durharn, UK). The data was collected by Dr. David Apperley. 
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2.3.8 Simultaneous Thermal Analysis 
Thermal analyses were carried out in order to study thermal behavior of phases, their 
decomposition temperatures and weight loss. Simultaneous differential scanning 
calorimetry (DSC) and thermogravimetric analyses (TGA) were carried out using a 
Polymer Labs STA 1500 using a heating rate of 10 'C min" in the 30 - 1200 *C 
temperature range under nitrogen. 
2.3.9 Spark Plasma Sintering 
Powders were consolidated using a spark plasma sintering furnace (FCT System 
HPD 25/1) at Nanoforce, Department of Materials, Queen Mary University of London 
(London, UK). Samples were accurately weighed and poured into a 20 mm diameter 
graphite die (30 mm. and 40 mm diameters were also used). The graphite die was then 
press-sealed using a PerkinElmer hydraulic press. The die was placed in the heating 
chamber of the SPS sintering furnace and heated up to the desired temperature at 200 *C 
min"'. Force was applied on all the samples during sintering such that it always resulted 
in 100 MPa pressure. The schematic diagram of the SPS furnace and die arrangement is 
shown in Figure 2-22. 
Cooling rates were varied (along with pressure during cooling) as discussed in section 
6.3 of Chapter 6. After sintering, the graphite die was allowed to cool down in the 
furnace to room temperature prior to extraction. The sample was extracted from the die 
using a PerkinElmer hydraulic press. 
The graphite residue on the samples' surfaces was removed by grinding on a 500 grit 
size grinding paper on a horizontally rotating grinding wheel. It was ensured that 
grinding was carried out at the radially most distant region of the grinding wheel in 














Figure 2-22 Schematic diagram of the SPS furnace showing important parts and die 
arrangement. 
2.3.10 Density Calculation and Measurement 
Theoretical densities of co-crystallised phase-mixtures were calculated using the 
following formula; 
Pmixture ý 
MHA + MZ? f), Eq. 2-2 
VHA + VZP, 
02 
Where p,,,, t,,, = density of the biphasic mixture, m1jA = wt% of HA in the mixture, 
MZr02 ý wtO/o of Zr02 in the mixture, VHA = mHA / pHA and Vz,, 02 = mz, 02 
/ p2jo2. pqA and 
3- 3- 
PZr02 were assigned values of 3.16 g cm and 6.05 g cm 
Actual densities of the sintered discs were measured using Archimedes' principle. It 
assumes a density of Ig CM-3 for water. 
Pdisc -ý - 
Mair 
Eq. 2-3 fM.,, 
-M water) 
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Where pd,,, = density of the sintered, disc in g cm-3, m,, i, = mass of the sintered disc in air 
in graMS9 Mair - Mwater = volume of water displaced by immersing the disc in cm 
3, M. alr 
= mass of the sintered disc in water in grams. 
2.3.11 Mechanical Testing 
Vickers hardness and 3-pt flexural strength were determined for representative sintered 
discs. This section explains the sample preparation and measurement methods. 
2.3.11.1 Vickers Hardness 
Indents were made on a Shimadzu microhardness indenter with a Vickers hardness 
indentation tip. The Vickers indenter is a square base pyramidal shape diamond indenter 
with 136 * face angles as shown in Figure 2-23. 
%% 
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Figure 2-23 Geometry of the Vickers indenter and the indent (Hetzner 2003). 
Prior to indentation all samples were ground using 800,1000,2000 and 4000 grit sized 
grinding papers to result in a relatively scratch free surface. This grinding routine 
resulted in an almost mirror-like finish on the sintered discs. A loading force of 300 g 
and holding time of 15 seconds were used for indents. In total 8 indents were made and 
16 diagonals were measured. The indents were then observed using an Olympus BX-60 
Optical Microscope as mentioned in section 2.3.3.1. Vickers hardness (HV) was 
measured using the following equation, 
L 
BV = 1854.4 x ý7 Eq. 24 
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where L is the load in grams-force and d is the average of two diagonal lengths of an 
indent in gm as mentioned in the ASTM standard E384.1854.4 is a geometrical 
constant. In order to convert the HV hardness value to GPa the values were multiplied 
by 0.009807. 
2.3.11.2 Three-point (3-pt) Flexural Strength 
40 mm. diameter spark plasma sintered discs were cut using a diamond cutter (Model 
660, South Bay Technology Inc. ) at Eastman Dental Institute, UCL (London, LJK) into 
5 or 6 specimens (per disc) with rectangular cross-sections. The top and bottom faces of 
the specimens (with respect to sintering position in the SPS furnace) were ground on 
800,1000 and 2000 grit size SiC grinding papers. After each grinding step it was 
ensured that the surface consisted of straight scratches on the surface along the length of 
the specimen. These scratches decreased with increasing grit size of the grinding papers 
eventually leading to an almost mirror-like finish. The final average dimensions were 25 
x3x2 mm. for these specimens [Figure 2-24 (a)]. All edges and comers on these 
specimens were rounded on 2000 grit size grinding paper to get rid of high stress 
concentration points which may lead to lower flexural strength values. Prior to loading 
in the jig, after a visual inspection, the relatively better polished surface was placed 
facing downwards. This was to ensure that under tension, scratches or kinks did not lead 
to a lower flexural strength value. The specimens are shown in Figure 2-25. 
Figure 2-24 (b) shows the schematic representation of the 3-pt flexural strength test. 
Figure 2-26 shows an actual photograph of the arrangement of a specimen in the 
flexural test jig. The numbers 1,2 and 3 show the three points of contact. The span 
length of 20 mm is also shown. The test was carried out using a 20kN Instron 8511.20 
load cell with a loading rate of 500 N min". This corresponded to ca. 0.2 mm min7l 
strain rate. Prior to testing, all samples were pre-loaded at 2N force. The 3-pt flexural 
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Figure 2-24 Schematic diagrams showing (a) the dimensions assumed for the 40 mm 
disc to calculate mass required (b) 3-pt flexural test configuration according to ASTM 
standard 116 1. 
Figure 2-25 Specimens with rectangular cross-sections for 3-pt flexural strength 
determination. 
2.3.11.3 Weibull Statistical Analysis 
Due to the dependence of crack initiation (and fracture) on microstructure, the strength 
of ceramics can vary significantly for similar samples. Weibull statistical analysis 
should therefore be used to quantify this dispersion. It is a mathematical distribution 
which presents the probability of failure as a function of stress. The linearisation 




)=m In o- -m In a,, Eq. 2-6 
Where Pf = probability of fracture which is equal to j/(n+l) [n = number of specimens 
and j is the rank number when the flexural strength values are ranked from the least 
0= 1) to the maximum 0= 10, if 10 tests were carried out)], m= Weibull modulus, 
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cr = 3-pt flexural strength of the specimen which is greater than ao (Huang & Hing 
2002). 
Equation 2-5 was plotted and the points were fitted using a trend line. The slope of this 
trend line is equal to the Weibull modulus, m, and the y-intereept is equal to (- mlnao). 
, ading ramp 
iral test jig 
Figure 2-26 Arrangement of the jig under the loading ramp and the arrangement of the 




Instant Nano-Hydroxyapatite and Effect of 
CHFS System Parameters 
3.1 Introduction 
Synthetic hydroxyapatite [HA, Ca, O(PO4)6(OH)2, Ca: P molar ratio 1.67], is a bioactive 
material that is chemically similar to biological apatite, the mineral component of bone 
(Porter et al. 2004). However, as explained in Chapter 1, biological apatites contain 
multiple ionic substitutions and are non-stoichiometric (Ca: P molar ratio < 1.67) 
(Leventouri 2006). Indeed, human bone is a natural composite comprising of nano- 
apatite rods (< 100 nin long) arranged in lamellae and bound to collagen (FratzI et al. 
2004). Thus, synthetic nano-HA is of interest as a biocompatible phase reinforcement in 
biomedical composites, for filling bulk bone defects and for coatings on metal implants 
(Hench 1991; Hench 1998). HA and other calcium phosphates are also of interest as 
components in injectable bone cements where controlling particle properties (e. g. size 
and shape) is often used to modulate cement setting behaviour (Ginebra et al. 2004). 
HA powders and coatings can be synthesised using a number of methods including 
sol-gel processing (Bigi et al. 2004), co-precipitation (Pang & Bao 2003; Phillips et al. 
2003), emulsion techniques (Lim et al. 1997; Phillips et al. 2003), batch hydrothermal 
processes (Kothapalli et al. 2005; Liu et al. 2003; Riman et al. 2002; Wang et al. 2006; 
Zhang et al. 2005), mechano-chemical methods (Rhee 2002) and chemical vapour 
deposition (Darr et al. 2004). The disadvantages of these methods include the following; 
they often require very precise control over reaction conditions (Bigi et al. 2004; Darr et 
al. 2004; Kothapalli et al. 2005; Lim et al. 1997; Liu et al. 2003; Pang & Bao 2003; 
Phillips et al. 2003; Rhee 2002; Riman et al. 2002; Wang et al. 2006; Zhang et al. 
2005), require expensive starting materials (Bigi et al. 2004; Darr et al. 2004) or large 
amounts of toxic organic solvents (Lim et al. 1997; Phillips et al. 2003) or they are 
usually time consuming (Bigi et al. 2004; Kothapalli et al. 2005; Lim et al. 1997; Pang 
& Bao 2003; Phillips et al. 2003; Wang et al. 2006). For example, in wet chemical 
syntheses of HA, a maturation step (>1 8 hours), followed by a heat treatment of 650 'C, 
is required (Kim et al. 2005; Pang & Bao 2003; Phillips et al. 2003). Failure to allow 
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sufficient maturation, gives a phase separated product upon heat treatment, which can 
adversely affect biological properties in vivo. Furthermore, the aforementioned 
synthesis approaches give little or no control over HA particle characteristics (i. e. 
particle size, agglomeration, surface area, shape, etc. ) (Arce et al. 2004; Cao et al. 
2005). 
Calcium phosphates that can be precipitated directly from solution include 
hydroxyapatite, calcium deficient hydroxyapatite, brushite [CaHP04.2H20, Ca: P molar 
ratio 1.0] and its dehydrated form, monetite [CaHP04, Ca: P molar ratio 1.0] (Elliott 
1994). Typically, these materials are produced from co-precipitation reactions at 
pHIO-11, pH < 10 and pH <4 -6, respectively (Kumta et al. 2005). Hence, there is 
a strong influence of pH on phase precipitation and subsequent phase solubilities 
(Kumta et al. 2005; Tang et al. 2003). 
Batch hydrothermal syntheses of HA as reported in the literature are non-nally 
conducted in the range 60 - 150 "C for up to 24 hours to yield crystalline HA rods 
(Kothapalli et al. 2005; Liu et al. 2003; Riman et al. 2002; Wang et al. 2006; Zhang et 
al. 2005). Such batch reactions can include organic templating agents (Wang et al. 2006; 
Zhang et al. 2005), which are surface bound and therefore potentially unsuitable for 
biomedical applications as they may elicit an adverse response in vivo. In batch 
processes there is essentially little or no control over particle growth to affect size and 
shape. Hence there is interest to develop processes that allow a great degree of control. 
To gain a better understanding of the factors that produce particles with the desired 
properties, current synthesis methods are essentially too slow and unpredictable. Thus, 
there is interest in developing faster synthesis techniques for synthetic apatites that 
allow a greater degree of control over particle properties. 
Continuous hydrothermal syntheses have recently gained interest as a fast and 
controllable method for producing inorganic nano-materials (particles < 
500 nrn) (Cabanas et al. 2000; Cabanas et al. 2001; Hakuta et al. 2005; Sue et al. 2004). 
Previous examples include the rapid synthesis of nano-materials (<100 nm diameter) 
that normally require long synthesis times or that are difficult to manufacture using 
more conventional methods (Cabanas et al. 2000; Cabanas et al. 2001; Hakuta et al. 
2005; Sue et al. 2004). The rapid nucleating and crystallising environment within a 
continuous hydrothermal flow synthesis reactor facilitates accelerated synthesis of 
crystalline nano-apatites in a single step. This is because there is a sudden change in 
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dielectric constant, hence the metal salts are no longer soluble. The high ion product 
also results in a very hydrolysing environment. Hence, the process gives maximum 
supersaturation and rapid nucleation. This may result in small particles. 
In this chapter, the rapid, single step synthesis of crystalline nano-particle 
hydroxyapatite rods in a continuous hydrothermal flow synthesis (CHFS) system is 
described. The effect of changing pH and Ca: P molar ratio in solution on apatitic 
thermal stability is also addressed. Furthennore, the effect of different flow rates and 
temperature regimes on surface area and yield of crystallising apatitic nanoparticles is 
also investigated. 
3.2 Experimental 
3.2.1 Synthesis of Hydroxyapatite, (Effect of Temperature) 
Initially three different reactions were carried out. 500 mL of 83.5 mM calcium nitrate 
solution (pH 11) was pumped through CHFS system I to react with 50.0 mM 
diammonium hydrogen phosphate solution (pH 10). The CHFS system I is described in 
section 2.2. LL Calcium nitrate and diammonium hydrogen phosphate solutions were 
both pumped at 5.0 mL min" and deionised water was pumped through the heater at 
10.0 mL min", respectively. The pH of the exiting suspension was measured to be 10. 
Samples were labelled according to the temperature of the superheated water used, thus, 
samples prepared at 200,300 and 400 'C were labelled HA(200), HA(300) and 
HA(400), respectively. A fourth control experiment was conducted using a similar 
method, with the superheated water feed at 400 *C, (under acidic rather than basic 
conditions) and a Ca: P molar ratio of 1: 1 [denoted as sample CDHA(400) where CD 
represents calcium deficiency]. 50.0 mM calcium nitrate solution (PH 5.5) was pumped 
to react with 50.0 mM diammonium. hydrogen phosphate solution (pH 8.5). The pH of 
these solutions was not adjusted in order to maintain an acidic pH during reaction. The 
pH of the exiting suspension was measured to be 6. All reactions were carried out under 
a pressure of 24 MPa. 
After collection at the end of the back pressure regulator (BPR), the particles were 
washed, centrifuged, frozen and then freeze dried. Details are given in section 
2.2.2.1 
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3.2.2 Synthesis of Hydroxyapatite (Effect of pH and Ca: P Molar Ratio 
on Thermal stability) 
In total six different reactions were carried out. 50.0 M, 83.5 M and 100.0 mM calcium 
nitrate solutions were reacted with 50.0 mM diammonium hydrogen phosphate solution 
for such that the Ca: P molar ratios were ca 1.0,1.67 and 2.0, respectively. 
The samples were labelled as I-A, 1.67-A and 2-A for acidic and I-B, 1.67-B and 2-B 
for basic conditions. The first number in the sample ID specifies the Ca: P molar ratio 
and A and B stand for acidic (pH 4.5) or basic (pH 9.5) conditions, respectively. These 
pH values were measured from suspensions immediately after collection. Therefore, 
sample I-A was synthesised at acidic pH (pH 4.5) with Ca: P molar ratio of 1.0. 
Similarly, sample 1.67-A was synthesised at acidic pH (pH 4.5) with a Ca: P molar ratio 
of 1.67 and so on. These details are explained in section 2.2.2.1 (b). 
Reactions were carried out using CHFS system 3 (described in section 2.2.1.3). The 
superheated water feed, calcium nitrate and diammonium hydrogen phosphate solutions 
were pumped at 25.0,12.5 and 12.5 mL min-', respectively. All reactions were carried 
out at 450 *C and 24 MPa. Additionally, a small 5.0 cm long, 200 W Watlow band 
heater set to 450 *C was also used. After collection at the end of the BPR, the particles 
were washed, centrifuged, frozen and then freeze dried. 
3.2.2.1 Effect of Different Flow Rates and Temperature Regimes on Surface 
Area and Yield 
In total, 10 different reactions were carried out by reacting 100 mL of 83.5 mM calcium 
nitrate and 50.0 mM diammonium. hydrogen phosphate solutions for each reaction. The 
flow rate regimes will be referred to as follows in this chapter; "slow" for 10,5 and 
5 mL min-' (total 20 mL min-), "medium" for 20,10 and 10 mL min" (total 40 mL min- 
') and ': fasf ' for 25,12.5 and 12.5 mL min-' (total 50 mL min"). The three flow rates 
represent flow rates of superheated water, calcium nitrate and diammonium. hydrogen 
phosphate solutions, respectively. 
The temperature regime designation is explained as follows. The number represents the 
synthesis temperature and if this number is written with the letter "h", it suggests that a 
mixing zone heater regulated at the same temperature was also used. Tberefore, 
temperature regime 400 represents a synthesis temperature of 400 'C without a mixing 
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zone heater. Similarly, temperature regime 450h represents a synthesis temperature of 
450 'C with the mixing zone heater also set at 450 'C. 
Solution preparation, labelling, corresponding flow rates and temperature regimes are 
also explained in section 2.2.2.1 (c) (summarised in Table 2-3). Reactions were carried 
out using CHFS system 3 (described in section 2.2.1.3). Additionally, where required, a 
small 5.0 cm long, 200 W Watlow band heater set to 450 "C was also used. After 
collection at the end of the BPR, the particles were washed, centrifuged, frozen and then 
freeze dried. 
3.3 Results and Discussion 
3.3.1 Synthesis of Hydroxyapatite (Effect of Temperature) 
This section explains the effect of different temperatures of the superheated water feed 
on the synthesis of hydroxyapatite in the continuous hydrothermal flow system by 
means of several characterisation techniques. 
3.3.1.1 Transmission Electron Microscopy 
TEM was used to study the particle size and morphology. TEM images of the powders 
synthesised with superheated water at 200 "C, HA(200), revealed small agglomerates as 
seen in Figure 3-1 (a). TEM images for HA(300) showed well defined rods of 
ca. 65 (± 33) x 15 (± 3) mn (aspect ratio ca. 4.3,50 particles sampled) as seen in Figure 
3-1 (b). Figure 3-1 (c) and (d) showed well defined crystalline rods of ca. 140 (± 58) x 
40 (± 12) m-n (aspect ratio ca 3.5,50 particles sampled) for HA(400). TEM analyses 
suggested that particles increase in size with increasing synthesis temperature. 
Moreover, a high temperature during synthesis tended to give a better defined shape and 
they appear to agglomerate less. 
HRTEM studies on sample HA(400) provided further insight into growth of rods shown 
in Figures 3-1 (c) and (d) [later determined to be phase-pure HA]. The lattice fringes 
shown in Figure 3-2 correspond to the (100) plane and suggest growth along the [001] 
direction. The lattice fringes run parallel to the length (longer dimension) of the HA 









Figure 3-1 Transmission Electron Microscope images of samples (a) HA(200) at x50k 
magnification [bar = 100 nrnj (b) RA(300) at x50k magnification [bar = 100 nm] 
(c) HA(400) at x50k magnification [bar = 100 nm] and (d) HA(400) at AM 
magnification [bar = 100 nm]. 
Figure 3-2 Transmission electron microscope image of sample HA(400) showing 
lattice fringes corresponding to the (100) plane suggesting growth along the [0011 
direction. 
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3.3.1.2 BET Surface Area Anlaysis 
BET surface area (N2 adsorption) measurements for HA(200), HA(300) and HA(400) 
were measured at ca 88,100 and 39 m2 g-1, respectively. The control sample, 
CDHA(400) (made under acidic conditions) had a surface area of 67 M2 g-1. Despite 
HA(200) being the least crystalline, it possesses a slightly lower surface area than 
HA(300), possibly due to the former being more agglomerated. In contrast "as 
precipitated" amorphous HA made at room temperature was reported elsewhere to 
possess a surface area of 90 m2 g" after oven drying and 113 m2 g" after freeze drying 
(Phillips et al. 2003). These results are in good agreement with TEM images shown in 
Figure 3-1. 
3.3.1.3 Powder X-ray Diffraction 
Powder X-ray diffraction (XRD) was used to assess the crystallinity and phase purity of 
samples. A Siemens D500 diffractometer was used for all samples (explained in section 
2.3.4.1). A broad XRD pattern for HA(200) suggested an apatite-like structure [Figure 
3-3 (d)]. XRD patterns of HA(300), CDHA(400) and HA(400) showed a good match to 
phase pure HA [all patterns compared to JCPDS pattern 09-0432] (Koutsopoulos 2002). 
The XRD peaks became increasingly sharper and well resolved, with increasing 
synthesis temperature, the pattern for CDHA(400) being noticeably less sharp than the 
HA(400) sample. This was possibly due to CDHA(400) being a disordered, highly non- 
stoichiometric structure (Ca: P molar ratio of 1.0 in solution at pH 4.5). In comparison, it 
was expected that HA(400), with a Ca: P molar ratio of 1.67 in solution at'PH 10, will 
have higher stoichiometry. 
3.3.1.4 Raman Spectroscopy 
Raman spectroscopy was carried out in order to supplement crystallographic data and 
detect substitutions in the apatite lattice. Peaks in Raman spectra shown in Figure 3-4 all 
corresponded to those normally observed for HA (Penel et al. 1998). It was seen that 
peaks became narrower and more intense with increasing synthesis temperature. In 
Figure 3-4 for sample HA(400), the peaks at 1078,1049 and 1030 cm" corresponded to 
asymmetric stretching mode (V3) of the P-0 bond in phosphate. The peak at 1078 cm" 
also corresponded to the symmetric stretching mode (vi) of the C-0 bond in B-type 
carbonate (where carbonate ions partially substitute phosphate ions in the HA lattice). 
Presence of carbonate in HA is unsurprising as deionised water was not degassed prior 
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to use in the CHFS system and may have contained small amounts of dissolved 
carbonate ions. The peak at 965 cm7i corresponded to the symmetric stretching mode 
(vi) of the P-0 bond in phosphate. Peaks at 610,593 and 583 crrf 1 corresponded to the 
bending mode (V4) of the O-P-0 linkage in phosphate. Bending mode (v2) of the O-P-0 
linkage in phosphate resulted in peaks at 450 and 433 cm-1. In Figure 3-4 (b) [for 
sample CDHA(400)] the peak corresponding to symmetric stretching mode (vi) of the 
P-0 bond in phosphate appeared at 961 cm". This was possibly due to a defect 
structure, also observed in X-ray diffraction data in Figure 3-3 (b). In Figures 3-4 (b) 
and (d) peaks at 692 cm'l possibly corresponded to the bending mode (V4) of B-type 
substituted carbonate in samples CDHA(400) and HA(200), respectively (Nishino et al. 
1981). This peak was not seen for HA(300) and HA(400), which indicates that 
carbonate ions are more easily accommodated in the poorly crystalline lattice [for 
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Figure 3-3 Powder X-ray diffraction patterns of samples (a) HA(400) (b) CDHA(400) 
(c) HA(300) and (d) HA(200). 
3.3.1.5 Fourier Transform Infrared Spectroscopy 
FTIR spectra of HA(400) [Figure 3-5 (a)] revealed peaks at 3570 and 633 cm-1 
corresponding to stretching (v, ) and librational mode (vL) of the hydroxyl group (OH) 
in HA. These peaks grew stronger and sharper with increasing synthesis temperature. 
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Both these peaks are present for CDHA(400) in Figure 3-5 (b) and HA(300) in Figure 
3-5 (c), but the peak at 633 cm" is absent from the spectrum of HA(200) as seen in 
Figure 3-5 (d). The intensity of the peak at 1639 cm'I corresponding to the bending 
mode (V2) for adsorbed water was observed to decrease with increasing synthesis 
temperature. This suggested that loosely incorporated OH' groups became more 
incorporated into the lattice with an increase in synthesis temperature. This was also 
seen by the decrease in intensity of the broad band in the range 3700-2800 cm" (due to 
adsorbed water molecules) and the appearance of a peak at 633 cm" (librational mode 
of 011), with increasing synthesis temperature. Peaks at 1453 and 1414 cm-1 
corresponded to stretching mode (V3) of the C-0 bond in carbonate (C03 2-) substituted 
in HA. Peaks at 1096 and 1031 cni" corresponded to the asymmetric stretching mode 
(V3) of the P-0 bond in phosphate, whilst the peak at 961 cm" corresponds to the 
symmetric stretching (vi) of the same bond. The peak at 872 cm7l corresponding to 
bending mode (V2) of the O-C-0 linkage in carbonate also became sharper with an 
increase in synthesis temperature. The sharpness and intensity of peaks at 603,567 and 
466 cm-1, corresponding to bending modes of the O-P-0 linkage in phosphate, increased 
with increasing synthesis temperature. The FTIR spectrum in Figure 3-5 (b) revealed 
similar peaks for CDHA(400) except the carbonate band that was observed around 1400 
cnf 1 in other samples. This is possibly due to acidic conditions of the reaction (pH 6) 
and subsequent presence of HP04 2- in the lattice as suggested by the peak at 881 cm" 
which is a characteristic peak of hydrogen phosphate group. This suggests that the 
phase composition is governed predominantly by pH and not Ca: P molar ratio in the 
CHFS system, as Ca: P molar ratio in this case was 1.0 not 1.67 [sample CDHA(400)] as 
in the case for samples HA(200), HA(300) and HA(400), respectively. 
3.3.1.6 Simultaneous Thermal Analysis 
Thermal behaviour of samples was assessed using Simultaneous Thermal Analysis (STA) 
[includes Simultaneous Tbemogravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC)] from 30 *C to 1200 'C. The TGA weight loss plot for sample 
HA(400) in Figure 3-6 (a) showed three overlapping regions of weight loss at 30-170 *C 
(1.20 wVYo loss), 170-595 'C (1.85 wtO/o loss) and 595-1014 *C (1.11 wt%), respectively. 
Thereafter, there was a sudden weight loss (5.65 wV34o) up to 1200 'C to give a final 














1200 1000 800 600 400 
Raman ShWt (cnT') 
Figure 3-4 Raman spectra in the range 1200 - 400 cm" for samples (a) HA(400) 
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Figure 3-5 FTIR spectra in the range 4000 - 400 cnf 
1 for samples (a) HA(400) 
(b) CDHA(400) (c) HA(300) and (d) HA(200). 
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The first weight loss was presumably due to loss of weakly associated water, whilst the 
loss of lattice water and C02 occured for the second and third weight losses up to 1014'C, 
respectively. Differential scanning calorimetry (DSC) data for HA(400) in the range was 
rather featureless revealing only a broad endotherm. centred at ca. 70 T. Presumably this 
was because the material is already crysatIline as prepared. 
For similar temperature regions, the TGA for sample CDHA(400) shown in Figure 3-6 
(b) revealed a total weight loss of 11.9 wt%. This was more than that observed for sample 
HA(400) in Figure 3-6 (a), possibly due to the loss of HP04 2- groups for the latter during 
heating. Moreover, a sudden weight loss was noticeable, centred at 775 T in the TGA 
plot shown in Figure 3-6 (b) (a corresponding endotherm was seen in the DSC plot). In 
contrast, the STA data for HAQ 00) showed a very smooth weight loss up to 10 11 'C with 
only 8.18 wt% total loss at this temperature (only one endotherm in the DSC plot at ca. 70 
T). As expected, HA(200) showed the largest TGA weight loss by 1008 'C (total loss = 
16.03 wtO/o) as shown in Figure 3-6 (d). HA(200) lost most of its weight early on (due to 
loss of weakly associated water). This was analogous to the presence of a distinct broad 
band (due to water) in the FTIR data for sample HA(200) between 3700-2800 cm" 
[Figure 3-5 (d)]. Similar to sample CDHA(400), sample HA(200) also showed an 
additonal endotherm centered at 750 OC (the corresponding weight loss is visible in the 
TGA plot) as compared to that of HA(300) and HA(400) which we attributed to the phase 
transformation of calcium deficient HA (CDHA) into beta-tricalciurn phosphate, (P-TCP) 
and stoichiometric HA. In his book on "Structure and Chemistry of the Apatites and 
Other Calcium Orthophospates" published in 1996, Elliot represented the decompositon 
of a calcium deficient and carbonate substituted hydroxyapatite as follows; 
BCaP -> xCaIO(PO4)6(OH2) + YP - Ca3 (POO 2+ 
H20+CO2 3-1 
3.3.1.7 Heat Treatment 
Figure 3-7 shows powder XRD pattern of sample HA(200) heat-treated in air at 800 'C 
for 2 hours. It clearly shows a biphasic mixture of P-TCP and HA. HA peaks were 
compared to JCPDS pattern 09-432 and P-TCP peaks were compared to JCPDS pattern 
09-169. This confirmed that the sudden weight loss in the TGA plot shown in Figure 
3-6 (d) around 750 'C for sample HA(200) corresponded to the decomposition of a 
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Figure 3-6 Simultaneous Thermal Analysis (STA) data showing TGA (solid line) and 
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Figure 3-7 Powder X-ray powder diffraction pattern for sample HA(200) heat treated at 
800 T for 2 hours. 
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3.3.1.8 Elemental Analyses 
Elemental analyses were performed on samples HA(400) and HA(200), respectively, 
using an EDS detector attached to a scanning electron microscope (compositions shown 
in Table 3-1). The details of the technique and equipment are mentioned in section 
2.3.3.2. Results suggest that sample HA(400) is calcium deficient (Ca: P ratio 1.57), 
however, it is thermally stable up to ca. 1014 *C as revealed by simultaneous thermal 
analysis. The Ca: P molar ratio for sample HA(200) was measured to be 1.52. This 
suggested that HA(200) was more non-stoichiometric. Indeed, the phase decomposition 
at 750 *C in air suggests a lower stoichiometry of HA(200) in comparison to HA(400). 
Calcium deficient HA has been observed to decompose into P-TCP at 650 *C when 
Ca: P molar ratio was 1.5 (Siddharthan et al. 2004). 
Table 3-1 Samples IDs, elemental composition (atomic %) as average values of 10 area 
scans and corresponding Ca: P molar ratios. SD represents standard deviation. 
Sample ED 
Atomic % 
Ca: P (± SD) 
Ca P 0 





73.66 1.52( ±0.06) 
3.3.2 Effect of CHFS System Parameters 
3.3.2.1 Effect of pH and Ca: P Molar Ratio on Thermal Stability 
Six reactions were carried out for this study as explained in section 2.2.2.1 (b) (i). The 
XRD patterns are shown in Appendix B, wherein, all samples gave a good match to 
JCPDS paftem 09-432 (phase-pure hydroxyapatite). The corresponding TGA and DSC 
plots are shown in Figure 3-8. It can be seen that samples I -A, 1.67-A and 2-A [Figures 
3-8 (a), (c) and (e)] all showed a sudden weight loss of ca 0.62 wO/o, 0.59 wt% and 
0.50 wVYo, respectively, in corresponding TGA plots. The corresponding endotherm was 
also observed in DSC plots centred at ca. 750 *C. As mentioned earlier, this was due to 
the phase transformation of calcium deficient hydroxyapatite into P-TCP and 
stoichiometric hydroxyapatite. These results suggest that the pH, not Ca: P molar ratio, 
is the dominating factor for determining stoichiometry (and subsequent thermal 
stability) of the resulting apatite. For sample I -B the Ca: P molar ratio of 1.0 in solution 
was apparently too low to yield a thermally stable apatite (0.58 wt% loss in TGA plots 
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at ca. 750 "C). Under similar basic conditions it was observed that a starting molar ratio 
of 1.67 [sample 1.67-B in Figure 3-8 (d)] resulted in minimal phase transformation at 
ca. 750 T (only 0.25 wVYo loss at ca. 750 OC in TGA plot). A weak endotherm in the 
corresponding DSC plot was also visible. In Figure 3-8 (e) it was observed that sample 
2-B was thermally stable up to 1050 `C because it was synthesised using excess calcium 
in solution at a high pH (pH 9.5). All these results are surnmarised in Table 3-2. 
It is interesting to note that in comparison to sample 1.67-B, sample HA(400) 
[Figure 3-6 (a)] showed no endotherin around 750 *C in the DSC plot and no weight 
loss in the range 700 - 800 `C in the corresponding TGA plot. This suggested that use 
of a faster flow rate (12.5 mL min"' for sample 1.67-B as compared to 5 mL min-' for 
sample HA(400)] for calcium nitrate and diammonium hydrogen phosphate solutions 
lowered the stoichiometry of the apatite more as to make the material slightly thermally 
unstable. This is understandable because fast flow rates in this case resulted in a lower 
residence time (3.9 seconds as compared to 9.9 seconds for slow flow rates) for 
precipitated particles; i. e. the time the particles spent in the mixing zone exposed to 
maximum temperature was lowered. The residence times are shown in Table 2-2 in 
section 2.2.1.4 in Chapter 2. Elemental analysis of sample 1.67-B carried out using an 
EDS detector attached to a SEM revealed a Ca: P molar ratio of 1.50 (standard 
deviation: ± 0.06). 
Table 3-2 Samples IDs, Ca: P molar ratio, pH of exiting suspension and their thermal 
behavior based on TGA. 
Sample ID Ca: P ratio pH of exiting suspension 
Sudden weight loss in TGA 
plot at ca. 750 *C 
I-A 1.0 4.5 Yes 
1-B 1.0 9.5 Yes 
1.67-A 1.67 4.5 Yes 
1.67-13 1.67 9.5 Minimal 
2-A 2.0 4.5 Yes 
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Figure 3-8 Simultaneous Thermal Analysis (STA) data showing TGA (solid line) and 
DSC (dotted line) plots for samples (a) I-A (b) I-B (c) 1.67-A (d) 1.67-B (e) 2-A and 
(f) 2-B. 
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3.3.2.2 Effect of Different Flow Rates and Temperature Regimes on Surface 
Area and Yield 
For this study, 10 different reactions were carried out using CHFS system 3. Figure 3 -9 
shows the effect of different flow rates for two different temperature regimes. Increase 
in flow rates shows no significant effect on yield (%). However, the yield for a slow 
flow rate at 450h temperature regime is lower (76 %) than that at 400 temperature 
regime. It is possible the increased yields using a slow flow rate for the 450h 
temperature regime resulted in partial blockage of the mixing point and large particle 
filter in the CHFS system 3, resulting in an overall lower yield. Figure 3-10 suggests 
that there is minimal effect of increase in flow rates on the surface area of crystallising 
particles. 
Figure 3 -11 shows the effect of different temperature regimes on surface areas and yield 
(%) for a fixed fast flow rate. It was seen that there was minimal or no effect on the 
surface area of crystallising particles with an increase in heating in the CHFS system. 
However, the 450h temperature regime gave a maximum yield of 90 % as compared to 
a minimum of 75 % for 400 temperature regime. Indeed, the use of a band heater in the 
mixing zone of CMTG CHFS systems has been reported to allow a reaction to reach 
completion (Boldrin et al. 2007). 
The measured mixing point temperatures for various temperature regimes and flow rates 
are surnmarised in Table 3-3. For a given temperature regime it was observed that an 
increase in flow rates increase the temperature at the mixing point. This was due to the 














ý-c Heater: 400 OC, mix pt.: 0 OC 
a Heater: 450 OC, mix pt.: 450 OC 
Figure 3-9 Effect of different flow rates on yield (%) for the heater set at 0 400 'C 
(mixing point heater was not used), n 450 'C with the mixing point heater set at 450 'C. 
[Key: slow = combined flow rate of 20 mL min-, medium = combined flow rate of 40 














.a Heater 400 IC, mix pt.: 0 OC 
m Heater: 450 OC, mix pt.: 450 oC 
Figure 3-10 Effect of different flow rates on surface area (m 2 g-1) for heater set at 
a 400 'C (mixing point heater was not used), m 450 *C with the mixing point heater set 
at 450 'C [Key: slow = combined flow rate of 20 mL min-I , medium = combined flow 
rate of 40 mL min-', fast = combined flow rate of 50 mL min-']. 
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Figure 3-11 Effect of different temperature regimes on m surface area (m 2 g-1) and 
m Yield (%) for a fixedfast flow rate. The letter "h" represents the use of a mixing point 
heater set at the same temperature the heater was set at. 
Table 3-3 Different temperature regimes, flow rates and corresponding mixing point 
temperatures of CHFS system 3 measured using a k-type thermocouple attached to a 







400 medium 257 
fast 261 
400h fasl 285 
450 filst 290 
slow 293 
450h medium 303 
fast 308 
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3.4 Conclusions 
The work in this chapter constitutes the first ever report on synthesis of crystalline 
hydroxyapatite in a rapid single step manner using a CHFS system at 400 'C and 
24 MPa. The high temperatures involved during the process eliminated the need for 
subsequent heat-treatment steps; therefore keeping the particles smaller. 
Crystallinity of the apatites increased with increasing synthesis temperature (200 to 
400 *C). It was observed that crystallinity of the apatite was lowered with a decrease in 
Ca: P molar ratio and pH [comparison between samples HA(400) and CDHA (400)]. 
It was observed that all apatites made in the CHFS system were calcium deficient to 
some extent. However, the extent of non-stoichiometry (i. e. deviation from Ca: P molar 
ratio of 1.67) decreased with increasing synthesis temperature for a fixed flow rate. 
Sample HA(200) had an average Ca: P molar ratio of ca 1.52 as compared to ca. 1.57 
for sample HA(400). This increase made the corresponding apatite more thermally 
stable; the phase transformation of calcium deficient hydroxyapatite into P-TCP and 
stoichiometric HA could not be observed in corresponding TGA and DSC plots. 
For similar concentrations and pH (Ca: P molar ratio of ca. 1.67, pH 10) sample 1.67-13 
synthesised at 450h temperature regime at afast flow rate was more calcium deficient 
(Ca: P molar ratio of ca 1.51) as compared to sample HA(400) (Ca: P molar ratio of ca. 
1.57) which was made at 400 temperature regime at a slow flow rate. It was initially 
thought that the Ca: P molar ratio would increase due to more intense heating, as seen 
for samples HA(200) and HA(400). However, this result suggested that increase in flow 
rate results in a lower Ca: P molar ratio possibly due to a small residence time; the time 
the precipitating suspension spends in the mixing zone prior to passing through the 
cooler. 
It was observed that samples synthesised. at pH 10 with Ca: P molar ratios of ca. 1.67 
and 2.0 resulted in minimal or no phase transformation at ca. 750 "C. All other samples 
whether made at acidic or basic pH, resulted in this phase transformation. It is 
concluded that in the CHFS system, pH was the dominating factor for attaining more 
thermally stable apatites (up to ca. 1050 "C). 
Variation in flow rates and temperature regimes gave minimal or no variation in surface 
areas of the crystallising apatites and their yields (%). 
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The CHFS system has been reported previously for synthesis of various materials. 
However, this report work was the first report of exploitation of this technique to 
synthesise calcium phosphate based bioceramics. The results show that CHFS 
technology is very promising for calcium phosphates as it can allow rapid and effective 
control of synthesis temperature, variation in flow rates and synthesis pH; all factors 
which effect resulting composition, particle size, stoichiometry and thermal stability. 
Based on these encouraging results, it was evident that the CHFS systems may be of use 
synthesising ion-substituted calcium phosphates and calcium phosphate based 
composite powders. Biological apatite differs from synthetic HA as it contains various 
ionic substitutions and there have been reports in literature on improvement of 
biocompatibility of HA after ionic substitutions. Furthermore, use of HA in load bearing 
applications is limited due to its poor mechanical properties. A method which can 
facilitate synthesis of intimately mixed composite mixtures for enhanced mechanical 
performance is very desirable. These endeavours are reported in following chapters. 
Part of this work was published in Chemical Communications, Issue 21,2006, titled 
"Instant Nano-Hydroxyapatite: A Continuous and Rapid Hydrothermal Synthesis". 
3.5 Future Work 
Since the solution pH was determined to be the dominating factor in the resultant 
apatitic stoichiometry it would be interesting to use different bases (NaOH, KOH) for 
pH adjustment of solutions while being careful about sodium or potassium substitutions 
in the HA lattice. 
Different residences times (due to varying flow rates) affected the thermal stability of 
the resulting HA phases. It would be interesting to modify the mixing zone of the CHFS 
systems to consist of a longer mixing zone. The length of this zone could then be 
correlated to the resultant stoichiometry in HA. This may result in a larger particle size 
which may be count acted by carrying out reactions at lower temperatures. 
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Chapter 4 
Synthesis and Characterisation of Carbonate 
and Silicate Substituted Calcium Phosphates 
4.1 Introduction 
As mentioned in Chapter 1, synthetic hydroxyapatite [FIA, CaIO(PO4)6(OH)2, Ca: P 
molar ratio 1.67], is a bioactive material that is chemically similar to biological apatite, 
the mineral component of bone (Porter et al. 2004). However, biological apatite is a 
poorly crystalline, non-stoichiometric material (Ca: P molar ratio < 1.67) that contains 
additional ions in the structure (Na+, Sio 4 4-, C03 2-, Zn2+' Mg2+ etc. ) (Barralet et al. 
2003; LeGeros 2002; Leventouri 2006; Webster et al. 2004; Wopenka & Pasteris 2005). 
Human bone contains up to 8 wt% carbonate ions that occupy phosphate and hydroxide 
positions in the apatite lattice (Barralet et al. 1998). It has been shown that the presence 
of carbonate in synthetic HA leads to structural disorder and a higher solubility 
(Barralet et al. 1998; Barralet et al. 2000). This is useful because although HA can bond 
to surrounding tissue, this process is very slow (Ito et al. 1997; Landi et al. 2003). 
Carbonate substituted hydroxyapatite is therefore, considered as an optimised 
biornaterial, which leads to faster bonding between an inserted implant and human bone 
(Ito et al. 1997; Landi et al. 2003; Murugan & Ramakrishna 2006; Porter et al. 2005; 
Tang et al. 2003). 
Substitution of carbonate ions in the HA lattice can be of two types, A-type, where 
carbonate ion substitutes the hydroxyl ion and B-type, where the carbonate ion 
substitutes the phosphate ion (Barralet et al. 1998; Barralet et al. 2000; Elliott 1994; 
Gibson & Bonfield 2002; Landi et al. 2003). A-type carbonated hydroxyapatite can be 
formed when carbon dioxide gas is passed over HA at high temperature in the range 500 
-I 100 "C (Barralet et al. 1998; Barralet et al. 2000). This substitution reaction can be 
represented as follows (Elliott 1994); 
CaIO(PO4)6(OH) 
2+ XC02 -> Ca,, 
(PO4)6(OH)2-2, (CO3), + xH20 Eq. 4-1 
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B-type carbonated HA can be formed by precipitation from solution and can result in a 
material with lower particle crystallinity and smaller crystal size (Barralet et al. 1998; 
Barralet et al. 2000). B-type carbonate substitution is more complicated than A-type 
carbonate substitution into HA. Carbonate ions (C03 2) substituting for phosphate ions 
(P04 3) require a reduction in the number of calcium ions to maintain charge balance. 
ME and Nebergall in 1963 proposed the following formula for B-type carbonate 
substituted HA (Kuhl & Nebergall 1963); 
Calo-x+y (CO3 )x (PO4 ) 6-x (OH)2-x+2y Eq. 4-2 
Sodium ions (Na) can partially substitute calcium ions (C2) in HA leading to 
stabilisation of a B-type carbonate substituted HA (Gibson & Bonfield 2002; Nelson & 
Featherstone 1982). This substitution leads to Cal 0-,, Na. (P04)6-x(CO3), (OH)2. The 
charge balance can be represented as follows; 
Na+ 2 <-> Ca2+ + p03- Eq. 4-3 + C03 4 
In reports by Vignoles et. al. and Doie et. al. ammonium carbonate was used as a 
carbonate source, in order to avoid using a sodium based source (Doi et al. 1982; 
Vignoles et al. 1987). However, this resulted in incorporation of ammonium ions 
(NI-W) in the HA lattice. Absorption bands corresponding to the ammonium ion (NH4+) 
have been reported to appear at 3200 and 1400 crri" in FTIR spectra (Okada et al. 
2003). Gibson et. al. later reported synthesis of carbonate substituted hydroxyapatite 
using carbonated water which avoided incorporation of unwanted ions in the HA lattice 
(Gibson & Bonfield 2002). 
Carbonate substituted hydroxyapatite has also been synthesised at 140 "C in 24 hours 
under autogenous pressure using a batch hydrothermal. process with urea as a carbonate 
source (Mizutani et al. 2005). Hydrothermal treatment has also been used to form 
carbonate substituted hydroxyapatite, coatings using plasma spray coated brushite, as a 
precursor material (Han et al. 2002). 
In addition to calcium phosphates, calcium carbonate is also a known biocompatible 
material (Redey et al. 1999; Vuola et al. 1996; Vuola et al. 1998). Indeed, calcium 
carbonate implants have been studied, due to their relatively faster resorption, and 
therefore, quicker onset of neo bone formation. Three weeks after implantation 10.8 % 
bone formation was observed under microscope as compared to 4.8 % for HA implants 
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inserted in muscular cavities of rats (Vuola et al. 1996; Vuola et al. 1998). Bone 
regeneration, around dental implants used in alveolar ridge treatment, has been reported 
after use of compositions which included calcium carbonate (Corrente et al. 1997). 
Stephen Mann's research group based at University of Bristol has reported extensively 
on morphological and phase control of calcium carbonate particles synthesised using 
microemulsions and its biological uses (Green et al. 2004; Thachepan et al. 2006). 
However, complete resorption of a porous bone substitute (before bone has filled the 
pores), is disadvantageous as a controlled replacement is preferred (Vuola et al. 1996). 
Hence, calcium carbonate and calcium phosphate mixtures are of interest as they may 
offer tailorable dissolution and regrowth rates. This way the defect is able to function or 
take a load whilst the repair process is underway. 
Although HA is known to be bioactive and osteoconductive, it has a relatively slow rate 
of dissolution and osseointegration (Hench 1991). One of the methods to improve the 
osseointegration of HA is to substitute traces of elements such as silicon, in the HA 
lattice (Porter 2006). One of the earliest works on role of silicon in bone was reported in 
the 1970s by Carlisle, wherein the presence of 0.5 wtO/o silicon was reported in 
mineralising osteoid regions in young mice and rats (Carlisle 1970). Silicon has also 
been reported to play an important role in the formation of collagen (Carlisle 1982). 
Silicon substituted HA (Si-HA) has been reported to promote rapid bone mineralisation, 
however, it also leads to a smaller crystallite size and faster dissolution (Botelho et al. 
2006; Patel et al. 2002; Porter et al. 2003; Thian et al. 2006b). Use of silicon substituted 
HA as sintered granules in femoral condyles of rabbits resulted in significantly greater 
bone formation (37.5 %) when compared (after 23 days of implantation) to the case 
where phase-pure HA (22.0 %) was used (Patel et al. 2002). Due to the importance 
attached to presence of silicon in calcifying regions of bone, attempts have been made 
to incorporate silicon in the HA lattice. Silicon substituted hydroxyapatite has been 
synthesised using wet-precipitation and batch hydrothermal techniques (Gibson ct al. 
1999; Hing et al. 2006; Kim et al. 2003; Leventouri et al. 2003; Tang et al. 2005a; Tang 
et al. 2005b). There have also been many reports on the development of silicon 
substituted HA coatings on metallic substrates for enhanced osseointegration (Thian et 
al. 2005a; Thian et al. 2005b; Thian et al. 2006a; Thian et al. 2006c; Thian et al. 2007). 
Silicon enters the HA lattice in the form of silicate ions (SiO 44) which substitute for 
phosphate ions (PO 4 3- ). Silicon levels of up to 4 wt% in HA have been reported using a 
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batch hydrothennal process (Gibson et al. 2002; Tang et al. 2005b). This substitution 
can be represented as follows; 
ýi04- 3- Eq. 4-4 CaIO(PO4)6(OH)2+X" 4 ->Calo(PO4)6-x(S'04), (OH)2-x+Xpoý +XOH 
As mentioned in the previous chapters, current methods for the synthesis of calcium 
phosphates (and ion substituted calcium phosphates) are rather slow and unpredictable. 
In my research, it postulated that the rapid crystallizing continuous environment in a 
CHFS system would result in one-step rapid formation of hydroxyapatite as explained 
in Chapter 3. In this chapter this processing method was used to incorporate carbonate 
and silicate ions into the HA lattice. The materials were characterised them using 
various analytical techniques (TEM, BET, XRD, Raman, FTIR, STA, NMR) to assess 
the effects of substitution. 
4.2 Experimental 
4.2.1 Carbonate Substituted Calcium Phosphates 
In total five separate reactions were carried out for this study. Urea (carbonate ion 
source) was added to diammonium. hydrogen phosphate to result in overall 50.0 mM 
concentration (adjusted pH 10). This solution was reacted with 83.5 mM calcium nitrate 
solution (adjusted pH 11). The pH of both the solutions was adjusted using neat 
ammonium hydroxide solution. It was assumed that carbonate enters the HA lattice 
according to; Cal O(PO4)6-x(CO3),, (OH)29 where in it was assumed that B-type carbonate 
substitution takes place. Samples are labelled as 7.5CO3-HA, 11.5CO3-HA, 15.7CO3- 
HA, 20C03-HA and 24.6CO3-HA. The numbers in the sample IDs represent the 
theoretically expected carbonate content (wt %). The preparation of solutions and other 
details are explained in section 2.2.2.2 (a) and Table 2-4. 
CHFS system 2 (described in section 2.2.1.2) was used for these reactions with pump 
rates of 10.0,5.0 and 5.0 mL min-1 for the superheated water feed, calcium nitrate and 
diammonium hydrogen phosphate/urea solutions, respectively. A Ca: [P04'-+COI'l 
molar ratio of ca. 1.67 was hence maintained in all reagent solutions. All reactions were 
carried out using a superheated water feed at 400 *C and 24 MPa. All samples were 
centrifuged, washed and freeze-dried as explained earlier; see section 2.2.2.1 (b). 
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4.2.2 Silicate Substituted Calcium Phosphates 
In total eight reactions were carried out for this study. Silicon acetate was used as a 
silicate ion source and was dissolved in 83.5 mM calcium nitrate (pH 3.5). The 
diammonium. hydrogen phosphate solutions were prepared such that the combined 
concentration of silicate and phosphate ions was 50.0 mM. The pH of diammonium. 
hydrogen phosphate solution was adjusted to pH 10 using neat ammonium hydroxide 
solution. The pH of the calcium nitrate solution (which contained dissolved silicon 
acetate) was not adjusted as it was observed that it reacted with ammonium hydroxide 
to result in a dilute suspension. It was assumed that silicate replaces phosphate in the 
HA lattice according to; Cal O(PO4)6-x(SiO4)x(OH)2-x- Samples are labelled as lSiHA, 
2SiHA, 3SiHA, 4SiHA, 5SiHA, 6SiHA, 8SiHA and IOSiHA. The numbers in the 
samples IDs represent the theoretically expected amount of silicon content (wt %). 
Solution preparation and other details are explained in section 2.2.2.2 (b) and Table 2-5. 
CHFS system 3 (described in section 2.2.1.3) was used for these reactions and pump 
rates of 10.0,5.0 and 5.0 mL min7l were used for superheated water feed, calcium 
nitrate/silicon acetate and diammonium hydrogen phosphate solutions, respectively. A 
Ca: [P04 3-+Sio 4 4-] molar ratio of ca. 1.67 was hence maintained in all reactions. All 
reactions were carried out using a superheated water feed at 400 "C and 24 MPa. All 
samples were centrifuged, washed and freeze-dried as explained earlier in section 
2.2.2.1 (b). 
4.3 Results and Discussion 
4.3.1 Transmission Electron Microscopy 
Transmission electron microscopy was carried out to determine particle size and 
morphology. Figure 4-1 (a) for sample 7.5CO3-HA shows rods of size ca. 146 (± 77) x 
50 (± 18) mn (aspect ratio ca 2.92,50 particles sampled). Deviation from strict rod-like 
shape of particles of HA as reported in the previous Chapter 3, was evident (Chaudhry 
et al. 2006). The particle size was further reduced with increasing carbonate content, 
from ca. 109 (± 34) x 41 (± 10) nm in Figure 4-1 (b) for sample 15.7CO3-HA (aspect 
ratio ca. 2.7,50 particles sampled) to ca. 64 (± 34) x 27 (± 8) Mn in Figure 4-1 (c) for 
sample 24.6CO3-HA (aspect ratio ca 2.4,50 particles sampled). The cube-like 
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morphology of some particles in Figure 4-1 (c) was similar to that of calcium carbonate 
(calcite) as reported in a previous TEM investigation (Wang et al. 2006). 
Transmission electron microscopy was also carried out to assess the effect of silicon 
substitution in HA on particle morphology and size. Figures 4-2 (a) and (b) show TEM 
images of HA (reported in section 3.3.1.1 in Chapter 3, ca. 140 (± 58) x 40 (± 12), 
aspect ratio 3.5) and sample 5SMA (ca. 184 (± 28) x 41 (± 7) nirn, aspect ratio 4.4,50 
particles sampled), respectively. It was observed that the presence of silicon slightly 
increased the particle size (aspect ratio changes from ca. 3.5 to 4.4), narrows the size 
distribution (lower standard deviations) as compared to HA and makes the nanorods 
less defined on its growing edges. The TEM investigation suggested opposite effects of 
presence of carbonate ions as compared to that of silicate ions in solution on particle 




Figure 4-1 Transmission electron microscope images of (a) sample 7.5CO3-HA at AOk 
magnification [bar = 200 nml (b) sarnple 15.7CO3-HA at AM magnification 
[bar = 200 nm] and (c) sample 24.6CO3-HA at AOk magnification [bar = 200 nm]. 
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Figure 4-2 Transmission electron microscope images of (a) HA at AOk magnification 
[bar = 200 nm] and (b) 5SiHA at AM magnification [bar = 200 nm]. 
4.3.2 Determination of Substitution Levels using Simultaneous 
Thermal Analysis (TGA and DSC) and EDS Elemental Analysis 
The Ca: P molar ratio of sample 7.5CO3-HA was determined to be ca. 1.45 (± 0.04) 
using an EDS detector attached to a SEM. The elemental compositions for carbonate 
substituted samples are reported in Appendix C (later found out to be biphasic 
mixtures). Carbonate contents were determined using simultaneous TGA and DSC. The 
corresponding plots for samples 7.5CO3-HA and 24.6CO3-HA are shown in Figure 4-3. 
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Figure 4-3 Simultaneous Thermal Analysis (STA) data showing DSC (dotted line) and 
TGA (solid line) plots for samples (a) 7.5CO3-HA and (b) 24.6CO3-HA. 
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The TGA and DSC plots for sample 7.5CO3-HA shown in Figure 4-3 (a) showed three 
overlapping regions of weight loss at 30 - 200"C (2.2 wVYo), 200 - 460'C (1.7 wt%) and 
460 - 9900C (3.7 wt%). Thereafter there was a sudden weight loss (8.2 wt%) up to 
1200'C to give a final weight loss of 15.8 wt%. The first weight loss was presumably 
due to loss of weakly associated water, whilst the loss of lattice water and C02 occur for 
the second and third weight losses respectively. Decomposition accounted for the 
weight loss after 990*C. The carbonate content was calculated to be around 5 wt%. 
DSC plot for sample 7.5CO3-HA in Figure 4-3 (a) revealed a broad endotherm 
corresponding to loss of weakly associated water at ca. 70 'C. An endotherin centred at 
ca 700 T corresponded to the weight loss due to loss Of C02 from sample 7. SC03-HA. 
Figure 4-3 (b) shows TGA and DSC plots for sample 24.6CO3-HA, which were similar 
to those for sample 7.5CO3-HA [Figure 4-3 (a)]. However, the weight loss in the range 
470 and 983 T was 18 wt% (loss of C02). The carbonate content was calculated to be 
around 24.5 wt%. This C02 loss corresponds to carbonate loss from the apatite lattice 
and CaC03 (as determined using XRD, explained in the following sections). The 
expected carbonate contents in HA and measured carbonate contents are summarised in 
Table 4- 1. 
Table 4-1 Expected and measured carbonate content (determined using TGA) of 




in HA (wt%) 
Measured 
carbonate content 
in sample (wt%) 
7.5CO3-14A 7.5 5 
11-5C03-HA 11.5 12 
15.7CO3-HA 15.7 15 
20C03-HA 20 21 
24.6C03-HA 24.6 25 
An EDS detector (attached to a SEM) was also used to determine the elemental 
compositions of silicate substituted samples as mentioned in Appendix C. It was noticed 
that the obtained silicon contents (see Table 4-2) were markedly less compared to 
expected content unlike for carbonate substitution. Moreover, the percentage theoretical 
yield in the CHFS system decreased with increasing silicon content in the solution. This 
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suggested that there was a threshold for silicon substitution into HA using CHFS 
technique (using current parameters) with silicon acetate as a silicate ion source. 




content in HA (wt%) 
Silicon content 
in sample (wt%) 
Yield 
ISMA 1 0.26 77 
2SiHA 2 0.39 76 
3SiHA 3 0.56 75 
4SiHA 4 0.53 56 
5SiHA 5 0.81 48 
6SMA 6 0.63 50 
8SiHA 8 0.93 41 
losifu 10 1.05 30 
4.3.3 BET Surface Area Analysis 
BET surface areas were measured for samples in this study using multipoint BET 
surface area analysis. Figure 44 shows the variation in surface areas with increasing 
carbonate content (determined using TGA) for carbonate substituted samples. There 
was little or no change in surface area with increase in urea content with all the surface 
areas falling in the range 20.8 - 27.5 m2 g". Although the TEM images in Figures 4-1 
(a) to (c) revealed decreasing crystallite size with increase in urea in solution, it was also 
observed that the particles appeared to be more agglomerated and less distinct [Figure 
4-1 (c)]. This might account for the slight decrease in surface area witnessed for 
samples 20C03-HA and 24.6CO3-HA. 
Figure 4-4 also shows the variation in surface areas with silicon content in silicate 
substituted samples. It was observed that the surface area increases slightly for sample 
2SiHA (41 m2 g-1) but overall remains relatively unchanged in the range 
31.1 - 35.4 m2 g". This result suggested that the amount of silicon substituting into 
hydroxyapatite was not too different for all samples. Indeed, this was confirmed by 
elemental analysis shown in Table 4-2. 
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Figure 4-4 BET surface area of carbonate and silicate substituted samples as function of 
substitution levels. 
4.3.4 Powder X-ray Diffraction 
Powder X-ray diffraction data was collected for all samples in order to analyse the 
effect of carbonate and silicate substitution on crystallinity and phase-purity. XRD 
pattern for sample 7.5CO3-HA in Figure 4-5 (a) gave a good match to line pattern for 
phase-pure hydroxyapatite [JCPDS pattern 09-0432]. XRD pattern in Figure 4-5 (b) 
shows the on-set of formation of calcium carbonate [compared to JCPDS pattern 47- 
1473, calcite] in sample 11.5CO3-RA. With increasing carbonate content, it was seen in 
Figure 4-5 (c) (for sample 15.7CO3-HA) and Figure 4-5 (d) (for sample 20C03-HA) 
that the peaks corresponding to calcium carbonate (calcite) increased in intensity. Peaks 
at 31.8" and 32.2*, corresponding to HA, became broader with increasing carbonate 
content, the peaks in Figure 4-5 (e) for sample 24.6CO3-HA being clearly less distinct 
as compared to Figure 4-5 (a) for sample 7.5CO3-HA. This was possibly due to 
decrease in particle size (as seen in TEM images) and crystallinity. Application of the 
Scherrer equation to the (002) peak in the corresponding XRD patterns suggested a 
crystallite size of 33 nm for sample 7.5CO3-HA. A crystallite size of 32 nm was 
calculated for HA in the biphasic samples 11.5CO3-HA, 15.7CO3-HA and 20C03-HA. 
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The crystallite size of HA in sample 24.6CO3-HA was calculated to be 29 nm. There is 
a difference in these sizes and those suggested by TEM images. Generally, the Scherrer 
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Figure 4-5 Powder X-ray diffraction patterns of samples (a) 7.5CO3-HA (b) 11.5CO3- 
HA (c) 15.7CO3-HA (d) 20C03-HA and (e) 24.6CO3-HA. 
Figure 4-6 shows the powder XRD patterns of sample 7. SC03-HA heat treated at 730 
'C, 850 *C and 990 *C. These temperatures were chosen from the corresponding TGA 
plot of the same sample. As compared to Figure 4-5 (a) peaks corresponding to HA in 
Figure 4-6 were understandably sharper (due to crystallisation upon heating). Heat 
treatment at 730 *C resulted in phase-pure crystalline HA [Figure 4-6 (a)]. This 
confirmed that the corresponding weight loss in the TGA plot shown in Figure 4-3 (a) 
was not due to any thermal decomposition and correctly represented C02 loss- 
However, heat treatment at 850 'C and 990 'C resulted in appearance of a small peak of 
calcium oxide (compared to JCPDS pattern 37-1497). This was due to thermal 
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Figure 4-6 Powder X-ray diffraction patterns of sample 7.5CO3-HA heat treated at 
(a) 730 'C (b) 850 *C and (c) 990 "C [unmarked peaks = HA]. 
All powder XRD patterns for silicate substituted samples in Figure 4-7 gave a good 
match to JCPDS pattern 09-432, corresponding to crystalline hydroxyapatite. 
Figures 4-7 (a) to (h) revealed no visible effect of increasing silicon content on phase- 
purity or crystallinity of the HA phase. This result and the decrease in percentage yield 
from 77% (for sample ISMA) to 33% (for sample lOSiHA) suggested that the 
progressive addition of the silicate precursor gave increasingly lower yields and reached 
a maximum substitution level under such CHFS conditions used herein. The main 
crystallographic planes (hkl) are also marked on the corresponding peaks in Figure 4-7. 
Seemingly sample 7.5CO3-HA and ISMA are very similar as they both gave a good 
match to JCPDS patter 09-432 which corresponds to phase-pure crystalline HA. 
However, there are some differences in peak intensities. In the XRD pattern for sample 
7.5CO3-HA the peaks corresponding to (002), (211) and (300) planes appeared at 25.8, 
31.8* and 32.9' respectively. The ratio of the intensities of peaks corresponding to (211) 
and (002) planes (1211 / 1002) was calculated to be 2.7. Similarly 1300 / 1002 for sample 
7.5CO3-HA was calculated to be 1.6. For sample I SiHA 1211 / 1002 and 1300 / 1002 were 
calculated to be 1.2 and 0.8, considerably smaller than those observed for the carbonate 
substituted sample. Decrease in these ratios suggested an increase in the aspect ratio of 
the particles. This hypothesis is supported by the TEM images in Figures 4-1 and 4-2. 
The (002) and (300) peaks in XRD patterns are good representatives of the aspect ratio 
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Figure 4-7 Powder X-ray diffraction patterns for samples (a) lSiHA (b) 2SiHA 
(c) 3SiHA (d) 4SiHA (e) 5SiHA (f) 6SiHA (g) 7SiHA and (h) 8SiHA. 
4.3.5 Raman Spectroscopy 
Raman spectroscopy was carried out in order to reinforce crystallographic observations 
and assess phase purity. Figure 4-8 shows Raman spectra for all the carbonate 
substituted samples. In Figure 4-8 (a) for sample 7.5CO3-HA the very weak peak at 
1090 cm" corresponded to asymmetric stretching (vi) of the C-0 bond in carbonate 
from calcium carbonate (calcite) (Gunasekaran et al. 2006). However, this was not 
observed in the corresponding XRD pattern, shown in Figure 4-5 (a). This suggested 
that this peak might be due to asymmetric stretching (V3) of the P-0 bond in phosphate. 
The increase in the intensity of peak at 1090 cm-1 in Figures 4-8 (a) to (e) was due to an 
increase in calcium carbonate content, as confirmed by analogous XRD data. Peaks at 
1072 cm" and 1048 cm-1 corresponded to asymmetric stretching 03) of the P-0 bond in 
phosphate. The peak at 1072 cm'1 may also represent symmetric stretching (ul) of the 
C-0 bond in carbonate (Awonusi et al. 2007; Penel et al. 1998). With an increase in 
carbonate content it was observed that the peak at 1072 cm7 1 increased in intensity (for 
samples 7.5CO3-HA, 11-5C03-HA and 15.7CO3-HA in Figures 4-8 (a) to (c), 
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respectively). This peak was partially obscured by the peak at 1090 cm" for samples 
20C03-1-IA and 24.6CO3-HA as shown in Figures 4-8 (d) and (e), respectively. In 
Figure 4-8 (a), peak at 961 cm-1 was due to the symmetric stretching mode (DI) of the 
P-0 bond in phosphate, whilst peaks at 606 cm-1,593 cm7l and 581 cm" corresponded 
to V4 bending modes of the O-P-0 linkage in phosphate. The peaks at 444 crd' and 
435 cm-1 corresponded to V2 bending modes of the O-P-0 linkage in phosphate. The 
appearance of a weak peak at 712 cm-1 in Figures 4-8 (d) and (e) was possibly due to 
bending mode (14) of the O-C-0 linkage in carbonate from larger amounts of calcite 
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Figure 4-8 Raman spectroscopy data for the range 1200 - 400 cni" for samples 
(a) 7.5CO3-HA (b) 11.5CO3-HA (c) 15.7CO3-HA (d) 20C03-HA and (e) 24.6CO3-HA. 
Raman spectra for all silicon substituted samples are shown in Figure 4-9. Figure 4-9 (a) 
showing the Raman spectrum for sample I SiHA revealed peaks at 1080 cm" and 1049 
cid' corresponding to asymmetric stretching (1)3) of the P-0 bond in phosphate. The 
peak around 960 cm-1 corresponded to the symmetric stretching mode (DI) of the P-0 
bond in phosphate. Peaks at 595 and 438 cm'I corresponded to the 1)4 and U2 bending, 
respectively, of the O-P-0 linkage in phosphate. No change was observed in 
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Figure 4-9 Raman spectroscopy data in the range 1200 - 400 cm" for samples (a) 
ISMA (b) 2SiHA (c) 3SiHA (d) 4SiHA (e) 5SiHA (f) 6SiHA (g) 8SiHA and 
(h) lOSiHA. 
4.3.6 Fourier Transform Infrared Spectroscopy 
FTIR spectroscopy was carried out on all carbonate and silicate substituted samples in 
order to compliment observations made using XRD and Raman spectroscopy. Figure 
4-10 shows the FTIR spectra of the carbonate substituted samples. In Figure 4-10 (a) for 
sample 7.5CO3-HA, peaks at 3570 and 633 cm-1 corresponded to stretching mode (vs) 
and librational mode (uL) of the hydroxyl group in a hydroxyapatite lattice. The bands in 
the range 1590-1300 cm-1 corresponded to asymmetric stretching (V3) of the C-0 bond 
of carbonate in both A- and B-type carbonate substitutions in HA. However given the 
fact that CHFS is a wet chemical method, B-type carbonate substitution was expected 
(where carbonate ions are substituted for phosphate ions in the HA lattice). This is also 
supported by the observation that the peak at 3570 cm" did not diminish with an 
increase in urea concentration in the reagent solution suggesting that carbonate 
substitution for hydroxyl groups in the HA lattice does not take place. Comparison of 
the hydroxyl peak at 3570 cm" in Figure 4-10 (a) with the same peak in Figure 3-5 (a) 
for sample HA(400) revealed similar intensities suggesting that A-type substitution did 
not take place. With an increase in urea concentration there was an increase in the 
intensity of the bands in the range 1590-1300 cm", corresponding to carbonate 
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asymmetric stretching [Figures 4-10 (a) and (b)] corresponding to samples 7.5CO3-HA 
and 11.5CO3-HA, respectively. This may be due to increased carbonate substitution into 
the HA lattice and/or appearance of calcite. The band 1090-1030 cm" corresponded to 
asymmetric stretching modes (1)3) of the P-0 bond in phosphate. Peak at 961 cm" 
corresponded to the symmetric stretching mode (vi) of the P-0 bonds of phosphate. In 
Figure 4-10 (a) the peak at 876 cm'l corresponded to the bending mode (V2) of the 
O-C-0 linkage in carbonate. This peak showed a marked increase in intensity with an 
increase in amount of urea concentration in solution as witnessed in Figures 4-10 (b) to 
(e). Peaks at 603 cra", 568 cm-1 and 472 cm" in Figure 4-10 (a) corresponded to 
bending modes of O-P-0 linkages in phosphate. From the FTIR data it was observed 
that the carbonate peaks (1590-1300 cm7l and 876 cnfl) reached their maximum 
intensity for II. 5C03-HA in Figure 4-10 (b). Any further increase in amount of urea 
concentration in reagent solutions contributed to more formation of calcium carbonate 
as seen in analogous XRD and Raman data. In Figure 4-10 (d), for sample 20C03-HA, a 
peak appeared at 1793 cm-1 which has been reported to be due to presence of calcite 
(Jackson 1998). Gunasekaran et. al. reported a peak at 1798 cm7l for calcite and 
attributed it to a combination of asymmetric stretching (vi) and bending (V4) of bonds 
related to carbonate (Gunasekaran et al. 2006). Also, in the same spectrum, a shoulder 
appeared at 865 cm7l which resolved into a peak for sample 24.6CO3-HA in Figure 4-10 
(e). This peak was attributed to the bending mode (V2) of the O-C-0 linkage in 
carbonate from calcite (Gunasekaran et al. 2006). Peak at 713 cm"' for samples 20C03- 
HA and 24.6CO3-HA in Figures 4-10 (d) and (e) corresponded to bending mode (1)4) Of 
the O-C-0 linkage in carbonate from calcite. 
The FTIR spectrum for sample 1 SMA in Figure 4-11 (a) revealed peaks similar to those 
generally seen for hydroxyapatite; these include peaks at 3571 cm-1 and 633 cm"' due to 
the stretching mode (-o, ) and the liberational mode (uL), respectively, of hydroxyl groups 
in HA. The weak band in the range 1565-1380 cm" corresponded to asymmetric 
stretching (V3) of the C-0 bond of carbonate in both A- and B-type carbonate 
substitutions in HA. A band in the range 1180-980 cm-1, corresponded to asymmetric P- 
0 stretching (10 of the phosphate group, whilst a peak at 964 cm-1 corresponded to 
symmetric P-0 stretching (vj) of phosphate. The peaks at 602 and 563 cm"' 
corresponded to the 1)4 bending mode, whilst the peak at 489 cm-1 corresponded to the U2 
bending mode of the O-P-0 linkage in phosphate. The weak peak centered at ca. 872 
cm" was due to the bending mode (1)2) of the O-C-0 linkage in a small amount of 
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carbonate which is present in HA. The Off stretching peak at 3571 cm" decreased in 
intensity with increasing silicon substitution [Figures 4-11 (a) to (h)]. This confirmed 
that silicon was being substituted in the HA lattice in the form of silicate, Sio 4 4- 
substituting phosphate, P04 3-. In order to maintain the charge balance, OH-1 is lost, 
causing a decrease in intensity of the OH" peak at 3571 cra". Furthermore, it was 
noticed that increasing silicon content increased the intensity of the carbonate band in 
the range 1560-1380 cm". This was possibly due to easier incorporation Of C03 2- in the 
already distorted lattice (due to Si04 4- incorporation and 011-1 loss). As we have 
reported earlier, the presence of carbonate peaks was unsurprising, as deionised water 
used in preparation of solutions and synthesis in the CHFS reactor was not degassed 
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Figure 4-10 FTIR spectroscopy data for ranges (i) 4000 - 2800 cm-1 and 
(H) 2000 - 400 cm-1 for samples (a) 7.5CO3-HA (b) 11.5CO3-HA (c) 15.7CO3-HA (d) 
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Figure 4-11 FTIR spectroscopy data for ranges (i) 4000 - 2800 cm" and 
(ii) 2000 - 400 cm7l for samples (a) ISMA (b) 2SiHA (c) 3SMA (d) 4SMA (e) 5SMA 
(f) 6SiHA (g) 8SiHA and (h) IOSMA. 
4.3.7 29Si MAS-NMR 
29Si MAS-NMR result for sample 5SiHA is shown in Figure 4-12. A range of 
environments were seen for silicon (-72.5, -91.1 and -99.2 ppm). The most intense peak 
at - 72.5 comes from the silicate, Si(O-)4 environment (Q) which corresponded to 
Sio 4 4- substituting P04 3- in the HA lattice wherein the silicon is not bonded to any other 
silicon. The peaks at -91.1 and 99.2 are possibly due to the Q2 and Q3 environments 
(Diaz et al. 2006). This suggested that silicon substituted in the HA synthesised in 
CHFS systems may be bonded in more ways than initially thought, i. e. the Q0 
environment (possibly due to non-stoichiometry). 
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F: 
Figure 4-12 29Si magic angle spinning nuclear magnetic resonance data for sample 
5SillA. 
4.4 Conclusions 
Phase pure, crystalline and nano-sized carbonate substituted hydroxyapatite with ca. 5 
wt% substituted carbonate content (sample 7.5CO3-HA) was synthesised using the 
CHFS system using urea as a carbonate source. It was noticed that a ftirther increase in 
urea concentration in solution resulted in biphasic mixtures of carbonate substituted 
hydroxyapatite and calcium carbonate (calcite). Increase in urea concentration in 
solution also decreased the particle size of HA. Sample 7.5CO3-HA was found to be 
calcium deficient with a Ca: P molar ratio of 1.45 (± 0.04). Indeed, biological apatite is a 
calcium deficient carbonate substituted hydroxyapatite. 
Phase-pure crystalline and nano-sized silicate substituted hydroxyapatite was also 
synthesised using a CHFS system with silicon acetate as silicate ion source. The silicon 
content in samples increased with increasing silicon acetate concentration in the 
solution and a maximum of ca. 1.1 wtO/o substituted silicon content was obtained. 
However, it is suggested that a substitution threshold of ca 1.1 wt% exists for synthesis 
of silicate substituted hydroxyapatite in the CHFS system using silicon acetate as a 
silicate ion source. This is supported by the progressive decrease in yields of Si-HA 
with increasing silicon content in solution. 
This work on substitution of carbonate and silicate ions in HA follows our initial work 
on CHFS of hydroxyapatite as reported in Chapter 2. In this chapter, the capability of 
the CHFS to synthesise ion substituted HA nanoparticles with tailorable properties in a 
rapid single step manner was highlighted. Having successfully synthesised anion 
substituted HA nanoparticles it was hypothesised that the CHFS environment would 
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also be ideal for cationic substitutions into HA (such as Mg2+ and Zn2+) which are also 
biologically beneficial ions. The results of these endeavours are reported in following 
chapters. 
4.5 Future Work 
Use of precursors other than silicon acetate (for silicon substitution) may address the 
difficulty faced in the dissolution of silicon acetate in water. Furthermore, it would be 
interesting to correlate system parameters such as flow rates (and hence residence 
times), temperature and pressure with the substitution levels in HA. This could further 
strengthen the capability of the CHFS systems to synthesise particles with tailorable 
properties with higher precision. Coupled carbonate and silicate substitutions in HA can 
be attempted aiming at materials with good potential biocomPatibility. 
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Chapter 5 
Synthesis and Characterisation of Magnesium 
and Zinc Substituted Calcium Phosphates 
5.1 Introduction 
As mentioned in earlier chapters, biological apatites differ from synthetic HA in that the 
former additionally contain carbonate, silicate, magnesium, zinc, sodium and fluoride 
ions, to name a few (LeGeros 2002; Terpstra & Driessens 1986; Webster et al. 2004; 
Wopenka & Pasteris 2005). These ions strongly influence physical properties and 
biological behaviors of biological apatites (Gibson & Bonfield 2002). 
In magnesium containing biological apatites (Mayer et al. 1997) such as those found in 
pathological calcifications, human dental calculus or carious lesions, a magnesium 
stabilized P-TCP (Mg-PTCP) or magnesium VAiitlockite [Mg-VAiitlockite, 
Cal8Mg2H2(PO4)141 is often formed (Kim et al. 2003; Lagier & Baud 2003; Tang et al. 
2001). The terms P-TCP and Whitlockite have been used interchangeably. However, 
there are small differences between the two. Elliot suggested that the term Whitlockite 
should be used for the mineral or similar synthetic materials in which HP04 2- and M g2+ 
ions are present as part of the structure and P-TCP should be used for the low 
temperature polymorph of Ca3(P04)2 (Calvo & Gopal 1975; Elliott 1994). This 
nomenclature is used in this thesis. Mg-PTCP refers to a material in which calcium is 
partially replaced by magnesium and no HP04 2- ions are present. 
Dentine, enamel and bone typically contain up to 1.1,0.4 and 1.0 wt% magnesium ions, 
respectively (Bertoni et al. 1998; Zyman et al. 2006). In calcified tissues, the 
magnesium ion content is higher at the beginning of the calcification process and 
decreases with increasing calcification (Mayer et al. 1997; Suchanek et al. 2004a; 
Zyman et al. 2006). Magnesium depletion in humans can result in decreased 
osteoblastic and osteoclastic activities and bone fragility (Kannan et al. 2006; Mayer et 
al. 1997). It was reported by Katsumata and co-workers that a magnesium restricted diet 
in rats, induced an increase in bone resorption and decrease in bone formation 
(Katsumata et al. 2006). In addition to this, it was shown that rats fed on magnesium 
supplemented diets, had increased dynamic strength in their bones (Toba et al. 2000). 
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Magnesium substitution for calcium in HA reduces crystallinity, increases solubility, 
and lowers the temperature at which thermal conversion of HA into P-TCP occurs 
(Bertoni et al. 1998; Bigi et al. 1993; Correia et al. 1996; Gibson & Bonfield 2002; 
Suchanek et al. 2004a). Fadeev and co-workers showed that with increasing magnesium 
substitution into HA, the temperature at which HA to TCP thermal conversion occurred, 
was lowered from 700 *C to 300 *C (Fadeev et al. 2003). Magnesium substitution can 
also affect thermal phase stability of the TCP phase and sintering behaviour (Yoshida et 
al. 2005). For example, the P-TCP to cc-TCP phase transformation temperature normally 
occurs at ca 1180*C, however, magnesium substitution for calcium can increase the 
transformation temperature to ca 1500T (Blumenthal 1989b; Yoshida et al. 2005). 
This enables improved sintering of pure Mg-PTCP at elevated temperatures without 
deleterious formation of oc-TCP (a less bioactive polymorph). Interestingly, when 
carbonate and magnesium ions are simultaneously substituted into HA at basic pH 9, 
the resulting apatite is much more thermally stable (up to ca 12001C or so) (Blumenthal 
1989b; Gibson & Bonfield 2002; Zyman et al. 2006). 
Magnesium substituted HA (Mg-HA) can be made via precipitation reactions from 
solution (Ergun et al. 2002; Gibson & Bonfield 2002; Kannan et al. 2005; Kannan & 
Ferreira 2006; Legeros et al. 2004; Yamasaki et al. 2002) or by solid-state reactions 
(Kannan et al. 2006; Pan et al. 2003). Magnesium substitution levels of up to 1.57 wt% 
have been reported using precipitation reactions (Mayer et al. 1997). Surprisingly, as 
much as 28.4 wtO/o substitution of magnesium in HA (with no secondary phase 
formation) has also been claimed in the literature using mechanochernical synthesis 
techniques (Suchanek et al. 2004b). It should however be noted that an excess of 
magnesium ions can also be undesirable, as it is known to reduce bioactivity in certain 
biornaterials (Serre et al. 1998). 
As well as Mg-HA, other related phases such as Mg-Whitlockite (or Mg-PTCP), can 
also be made from precipitation reactions at relatively low temperatures (range 37 to 
95"C) and acidic or neutral pH (Bigi et al. 1993; LeGeros et al. 2004; Legeros et al. 
2004). It was suggested that in Whitlockite ca. 5% of the cations should be substituted 
by magnesium ions in order for it to be directly precipitated in aqueous systems 
(Rowles 1968). Crystalline Whitlockite or Mg-PTCP is usually made from a wet 
precipitated amorphous phase that requires a further heat treatment step (Bigi et al. 
1993; Correia et al. 1996; Elliott 1994). Fadeev and co-workers reported on the 
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co-precipitation of an amorphous phase which they identified as Ca2.7MgO. 3(PO4)2. H20 
using elemental analysis (Fadeev et al. 2003). Abdelkader and co-workers reported on 
the synthesis of crystalline Whitlockite [Cal8Mg2H2(P04)14] by a reaction of 
diammonium. hydrogen phosphate, calcium nitrate and magnesium nitrate in distilled 
water (pH 5.6) at 100 'C (Ben Abdelkader et al. 2004). Phase-pure P-TCP on the other 
hand, is routinely obtained via solid-state reactions or via thermal decomposition of 
calcium-deficient hydroxyapatite (CDHA) near or above 750"C (Enderle et al. 2005; 
Kannan et al. 2005; Kannan & Ferreira 2006; Legeros et al. 2004). 
Zinc contents in human bone are typically around 0.0217 wt% (Li et al. 2007). 
Moreover, zinc in the human body also plays a vital role in many biological functions 
including mineralisation of tissues (Brandaoneto et al. 1995). Zinc is a co-factor for 
many enzymes, is essential for DNA replication and promotes osteoblastic cell activity 
(Ito et al. 2002; Ito et al. 2005; Li et al. 2007; Sogo et al. 2004). It has been reported 
that osteoblastic cells cultured on coatings of zinc containing organoapatite formed 
mineralised bone nodules within twelve days of culture compared to a full month 
required to do the same in the absence of zinc (Storrie & Stupp 2005). Another study 
revealed that when rats were fed a zinc deficient diet they had lower body weights and 
an average 45 % reduction in cancellous; bone mass and fewer and thinner trabeculae in 
the trabecular bone architecture (Eberle et al. 1999). To promote bone formation, the 
optimum zinc content for calcium phosphate ceramics used in rabbit femora was 
reported to be 0.316 wt% (Kawamura et al. 2000). 
It is known that use of HA based prostheses often leads to release of debris in the 
surroundings (Grandjean-Laquerrier et al. 2006). These particles are phagocyted by 
monocytes in the body and these activated monocytes produce cytokines, which are 
inflammatory mediators, causing osteoclastic activity. It has been reported that zinc in 
the HA increases the production of anti-inflammatory cytokines and decreases the 
production of inflammatory cytokines (Grandjean-Laquerrier et al. 2006). HA has also 
been investigated as an adsorbent for removing pathogenic proteins during blood 
purification (Takemoto et al. 2004) Indeed, zinc containing HA has been reported to 
have higher protein selective adsorption activity (Fujii et al. 2006; Hayakawa et al. 
2007). 
During syntheses, the presence of zinc in the reagents effects the growth of HA and 
results in a smaller crystallite size (Kanzaki et al. 2000; Kanzaki et al. 2001). Moreover, 
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zinc substituted HA dissolves more rapidly compared to pure HA (Jallot et al. 2005). 
Zinc has also been reported to decrease the thermal stability of hydroxyapatite (Sogo et 
al. 2004). Zinc substituted hydroxyapatite has been synthesised using wet-precipitation 
(Miyaji et al. 2005), the sol-gel technique (Kalita & Bhatt 2007) and batch hydrothermal 
methods (Li et al. 2007). In addition to zinc substituted hydroxyapatite, depending on 
reaction pH and temperature, direct precipitation of Zn-substituted tricalcium. phosphate 
has been reported at certain zinc concentrations (0.5 -2 mM L-1)(LeGeros et al. 1999; 
Miao et al. 2006). 
Hydroxyapatite is generally formed in the hexagonal P63/M space group whereas P-TCP 
crystallises in the rhombohedral space R3c group (Tamm. & Peld 2006; Yashima et al. 
2003). Cationic substitutions for calcium severely strain the hydroxyapatite lattice and 
at higher levels, can cause the lattice to collapse (Bigi et al. 1996). Magnesium and zinc 
ions have been reported to substitute Ca(2) sites in the hydroxyapatite lattice possibly 
due to the shorter calcium-oxygen distance in Ca(2) site (Bigi et al. 1996; Tamm. & Peld 
2006). 
It is not always desirable to produce simply phase pure HA. Biphasic calcium phosphate 
(BCP) mixtures are of interest for use in repair of periodontal and bone defects, (Bouler et 
al. 2000; Gouin et al. 1995) as bone graft substitutes in mastoid cavity obliteration 
(Daculsi et al. 1992) and scoliosis surgery (Delecrin et A 2000). Within these 
applications, the ability to control crystallinity strongly affects the resorbability. Thus, the 
ability to prepare biphasic mixtures with controlled crystallinity and phase composition is 
of great interest. 
In the chapters 2 and 3 we demonstrated the ability of the CHFS system to synthesise 
carbonate and silicate substituted calcium phosphates with tailorable properties in a rapid 
single step. It was also mentioned that the current methods for synthesis of calcium 
phosphates are too slow, multistep and often require subsequent heat-treatment steps. 
Moreover, stabilised tricalcium phosphates have not'been precipitated in a crystalline 
form in a rapid single step process previously to our knowledge. It was postulated that in 
addition to synthesis of biologically beneficial ion substituted HA, presence of 
substituting cations in solution at higher concentration levels may stabilise crystalline 
Mg-Whitlockite or Mg-PTCP phases rather than HA with exposure to superheated water. 
This is desirable as the TCP based phases have higher solubility than HA. In this chapter, 
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synthesis using CHFS route and characterisation of cation substituted (Mgý' and Zn 2) 
calcium phosphates is presented. 
5.2 Experimental 
5.2.1 Synthesis of Magnesium Substituted Calcium Phosphates 
For these reactions it was assumed that magnesium ions partially substitute the calcium 
ions in HA. Hence all calculations were based on the formula for Mg-substituted HA, 
Cal O-xMgx(PO4)6(OH)2. For a typical reagent solution in the reactor, magnesium nitrate 
and calcium nitrate were accurately weighed and added to 100 mL deionised water so 
that the total metal ion concentration was 83.5 mM (see Table 2-6 in Chapter 2). 
A pH adjusted (pH 10, using neat ammonium hydroxide solution) 50.0 MM 
diammoniurn hydrogen phosphate stock solution was used. Sample ID 0.5Mg-CaP 
represents a sample with 0.5 wtVo magnesium in the solution based on the 
aforementioned formula. Similarly 1Mg-CaP represents a sample with 1.0 wt% 
magnesium and so on. 
CHFS system 3 was used to carry out these reactions and pump rates of 20.0,10.0 and 
10.0 mL min-' were used for superheated water feed, calcium/magnesium nitrate and 
diammoniurn hydrogen phosphate solutions, respectively. A (Ca + Mg): P molar ratio of 
ca 1.67 was hence maintained. All reactions were carried out using a superheated water 
feed at 400 'C and 24 MPa. Additionally, a small 5 cm long, 200 W band heater set to 
400 T was used to maintain the temperature at the mixing point. All samples were 
centrifuged, washed and freeze-dried as explained earlier; see section 2.2.2.1 (b). 
5.2.2 Synthesis of Zinc Substituted Calcium Phosphates 
For these reactions it was assumed that the zinc ions partially substitute calcium ions in 
HA according to the following formula; Cal o-. Zn,, (OH)2(PO4)6. For a typical reagent 
solution in the reactor, zinc nitrate and calcium nitrate were accurately weighed and 
added to 100 mL deionised water so that the total metal ion concentration was 83.5 mM 
(see Table 2-7 in Chapter 2). 
A pH adjusted (pH 10, using ammonium hydroxide solution) 50.0 mM diammoniurn 
hydrogen phosphate stock solution was used. Sample ID 1.3Zn-CaP represents a sample 
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with expected 1.3 wVYo zinc based on the aforementioned formula. Similarly 5. lZn-CaP 
represents a sample with expected 5.1 wt% zinc and so on 
CHFS system 3 was used for syntheses and pump rates of 25.0,12.5 and 12.5 mL min7l 
were used for superheated water feed, calciumlzinc nitrate and diammonium hydrog en 
phosphate solutions, respectively. A (Ca + Zn): P molar ratio of ca. 1.67 was hence 
maintained in all the reactions. All reactions were carried out using a superheated water 
feed at 450 'C and 24 MPa. Additionally, a small 5 cm long, 200 W band heater set to 
450 *C was used to maintain the temperature at the mixing point. All samples were 
centrifuged, washed and freeze-dried as explained earlier; see section 2.2.2.1 (b). 
5.3 Results and Discussion 
5.3.1 Transmission Electron Microscopy 
For selected samples, transmission electron microscopy (TEM) was used to investigate 
the particle morphology with ever increasing magnesium and zinc content in the 
reagents. TEM images for magnesium substituted samples are shown in Figures 5-1 (a) 
to (h). 
Figures 5-1 (a) and (b) revealed distinct nano-rods of ca 234 (± 93) x 57 (± 16) nin (50 
particles sampled) for sample 0.5Mg-CaP. TEM images of sample 4Mg-CaP are shown 
in Figures 5-1 (c) and (d). A mixture of both lozenge shaped particles and semi- 
spherical agglomerates of ca 30 - 60 nm (average particle size is 43 nm ± 12 nm; 50 
particles sampled) sized particles were observed. Figures 5-1 (e) and (f) show TEM 
images of sample 6Mg-CaP in which agglomerates as large as ca. 600 nm in diameter 
comprise of particles ca 50 - 100 nin in diameter (average particle size is 47 run 
± 17 nin; 50 particles sampled). The TEM image in Figure 5-1 (f) suggested that the 
spherical particles are possibly hollow (however this can not be definitely stated). TEM 
images of sample IOMg-CaP in Figures 5-1 (g) and (h) showed very small poorly 
defined particles ca. 37 nin ± 13 run in diameter (range: 20 - 60 nin; 50 particles 
sampled) which also appear to be hollow. 
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Figure 5-1 Transmission electron microscope images of sample 0.5Mg-CaP at (a) xl5k 
magnification [bar = 500 nm] and (b) xl50k magnification [bar = 50 nm], of sample 
4Mg-CaP at (c) x1A magnification [bar = 500 nml and (d) xI 00k magnification [bar = 
50 nm], of sample 6Mg-CaP at (e) xlOk magnification [bar = 500 nml and (f) xlOOk 
magnification [bar = 50 nin] and of sample I OMg-CaP at (g) xI Ok magnification [bar - 
500 nm] and (h) xlOOk magnification [bar = 50 nm]. 
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Figures 5-2 (a) and (b) shows the HR-TEM image of sample 0.5Mg-CaP. Figure 5-2 
revealed the lattice fringes with d-spacing of 0.35 nm which corresponded to the peak at 
ca. 25* [for the (002) reflection] in the diff-raction patterns for HA. In literature, these 
lattice fringes have been reported to be normal to the growth direction (longer 
dimension). This is not the case as seen in Figure 5-2 (a), however this might be due to 
the electron beam damage of the particle as shown in Figure 5-2 (b). Indeed, phase 
transformations of HA have been reported when HA particles were exposed to an 
electron beam in a transmission electron microscope (Xin et al. 2006). 
1 
Figure 5-2 HR-TEM images of sample 0.5Mg-CaP showing (a) lattice fringes with d- 
spacing 0.35 nm corresponding to the (002) plane and (b) onset of beam damage. 
Figures 5-3 (a) and (b) show low resolution images of sample 1.3Zn-CaP captured on 
the HR-TEM. These images revealed distinct rod-like particles of average size 
146 (± 42) nm x 41 (± 7) nm [50 particles sampled]. In Figure 5-3 (b) a rounded particle 
ca 245 nm in diameter is also shown, however, this morphology was very scarce in the 
sample. 
Rod-like morphology was observed in Figure 5-4 (a) for sample 5. lZn-CaP 
[294 (± 108) x 85 (± 13) mn, 50 particles sampled], similar to that reported in chapter 2 
for non-substituted HA (Chaudhry et al. 2006). However large oval shaped particles 
>Ix0.5 ýtrn [20 particles sampled] were also noticed in the same sample as shown in 
Figure 5-4 (b). Further addition of zinc in reagents lead to wide ranging particle sizes 
and different morphologies as observed in Figures 5-4 (c) to (f) for samples IOZn-CaP 
to 32Zn-CaP, respectively. It was observed that increase in zinc concentration in 
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reagents lead to acicular features on particles with rod-like and oval morphologies. In a 
study carried out by Kanzaki and co-workers it was shown that the presence of zinc in a 
crystallising environment did not effect the nucleation but inhibited the growth of 
hydroxyapatite by adsorbing on the growing interface (Kanzaki et al. 2000; Kanzaki et 
al. 2001). 
Ila 
Figure 5-3 HR-TEM images of sample 1.3Zn-CaP at magnification x40k 
[bar = 100 nm] showing (a) typical CHFS HA rod-like morphology and (b) very few 
rounded particles. 
5.3.2 Elemental Analyses 
Elemental analyses (by EDS attached to TEM) for selected samples (three areas selected 
per sample) suggested the magnesium substitution levels in powders were 0.49 ± 0.24 
wt% for the rods in sample lMg-CaP, 4.06 ± 0.6 wt% for the agglomerates in sample 
4Mg-CaP, 6.78 ± 0.31 wtO/o for sample 6Mg-CaP and 8.33 ± 0.87 wt% for sample 
I OMg-CaP. In sample 4Mg-CaP the EDS was focused on three lozenge shaped particles 
which form a slightly different shape to the majority of the sample (the vast majority are 
rounded agglomerates) and suggested a Mg wt % of 2.67± 0.83 wt%. This suggested 
that the lozenge shaped particles in sample 4Mg-CaP may be slightly lower in Mg 
compared to the more rounded agglomerates. The lozenge shape can essentially be 
viewed as a rounded rod like shape (such as the rods observed at lower magnesium 
substitution levels for Mg-HA). Elemental analyses were also carried out on all 
magnesium substituted samples to determine the magnesium content using an EDS 
detector attached to a SEM for more accurate average values (shown in Table 5-1). The 
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detailed elemental analyses for magnesium substituted samples are presented in Table 
E- I of Appendix E. It was noticed that the measured magnesium content was very close 
to the expected amount in the samples. This suggested that the CHFS is a reasonably 
efficient method wherein the subsequent yields are high. With increasing magnesium 
content in the reagent solutions, the (Ca+Mg): P molar ratio decreased from 1.46 (±0.04) 
for sample 0.5Mg-CaP to 1.31 (±0.02) for sample 4Mg-CaP. Further increase in 
magnesium content in reagents solutions increase the aforementioned molar ratio to 









Figure 5-4 Transmission electron microscope images of sample 5.1 Zn-CaP at (a) x25k 
magnification [bar = 200 nm] and (b) xl2k magnification [bar = 500 nm] (c) sample 
IOZn-CaP at x25k magnification (bar = 200 nm] (d) sample 14.7Zn-CaP at x25k 
magnification [bar = 200 nm] (e) sample 19.3Zn-CaP at x25k magnification 
[bar = 200 nm] and (f) 32Zn-CaP at x25k magnification [bar = 200 nm]. 
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Table 5-2 shows the average zinc content (wtO/o) in all zinc substituted samples. The 
detailed elemental analyses for zinc substituted samples are presented in Table 2, 
Appendix D. Sample l. 3Zn-CaP was determined to have a (Ca+Zn): P molar ratio of 
1.49 (± 0.12), the sample being calcium deficient similar to sample 0.5Mg-CaP. It was 
observed that the difference, between the expected weight percent of zinc in the sample 
and the actual content measured using EDS, was low. For sample 32Zn-CaP the much 
lower zinc content measured was nearly half of that expected (see Table E-2 in 
Appendix E for detailed elemental analysis of all samples). 
Table 5-1 Samples IDs and corresponding magnesium contents (wtO/o). Data was 
collected using an EDS detector connected to a SEM. 
Sample 0.5Mg- lMg- 1.5Mg- 2Mg- 4Mg- 6Mg- 8Mg- lOMg- 12Mg- 14Mg- 
ID CaP Cal? Cal? CaP Cal? Cal? Cal? Cal? CaP Cal? 
Mg 
0.7 1.0 1.6 2.1 3.9 5.8 8.0 9.1 11.4 13.1 
(wt%) 
Table 5-2 Samples IDs, corresponding zinc contents (wt%). Data was collected using 
an EDS detector connected to a SEM. 
Sample 1.3Zn- 5. lZn- IOZn- 14.7Zn- 19.3Zn- 23.7Zn- 28Zn- 32Zn- 
ED CaP CaP Cal? Cal? Cal? CaP Cal? Cal? 
Zu 
0.9 6.1 7.8 10.5 11.7 17.8 21.2 16.4 
(wt%) 
5.3.3 Powder X-ray Diffraction 
The PXRD data for sample 0.5Mg-CaP, shown in Figure 5-5 (a), gave a good match to 
the pattern for crystalline HA [JCPDS pattern 09-0432, Cas(P04)3(OH)I. In contrast, the 
XRD data for sample 6Mg-CaP gave a good match to the pattern for crystalline 
VAitlockite [JCPDS pattern 70-2064, Ca, gMg2H2(P04)141 (Guneri & Akkurt 2005). 
Samples IMg-CaP, 1.5Mg-CaP and 2Mg-CýP were identified as biphasic mixtures. 
Samples I Mg-CaP and 1.5Mg-CaP gave a good match to the aforementioned pattern for 
HA and magnesium stabilised P-tricalcium. phosphate (Mg-PTCP, compared to JCPDS 
pattern 70-0681) [Figures 5-5 (b) to (c)]. However, for sample 2Mg-CaP the second 
phase gave a better match to JCPDS pattern 70-2064 as shown in Figure 5-5 (d). This 
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suggested that increase in magnesium leads to Whitlockite phase instead of Mg-PTCP 
(different composition but similar structure). Increasing the magnesium content further 
[Figures 5-5 (f) to 0)] resulted in significantly broader XRD peaks closely matching the 
pattern 70-2064 for Cal8Mg2H2(PO4)14 (Guneri & Akkurt 2005). This was not 
surprising given that magnesium is known to retard the crystallisation and growth of 
calcium phosphates in solution and to stabilise Whitlockite (Blumenthal 1989). It was 
observed in Table E-1 in Appendix E that the (Ca+Mg): P molar ratio increased with 
increasing magnesium in solutions and levelled off for samples lOMg-CaP 
[1.56 ± 0.04], 12Mg-CaP [1.53 ± 0.05] and 14Mg-CaP [1.59 ± 0.07]. It may represent a 
stoichiometric Whitlockite phase. It may also be possible that a calcium rich phase 
exists but is hard to detect given the amorphous nature. The XRD data for sample MgP 
in Figure 5-5 (k) showed broad peaks, suggesting the material is amorphous. The broad 
peak positions approximated to several standard patterns, particularly JCPDS patterns 
11 -0041 and 08-003 8 for magnesium phosphates Mg(P04)3 and M92P207,, respectively. 
Rietveld refinements using the high-resolution PXRD transmission data were used to 
obtain accurate unit-cell dimensions for Mg-substituted materials and weight percent 
proportion of HA to Mg-Whitlockite present. A fit for sample 0.5Mg-CaP is shown in 
Figure 5-6 (space group P63/M. c=9.419 A, a=6.869 A). Rietveld refinement revealed 
anisotropic peak broadening for HA with the width of all 001 reflections being 
significantly narrower. This suggested preferential crystalline growth along the c 
direction, which is consistent with the rod-like forms as seen in Figure 5-1 (b). Mixed 
phase refinements with both HA and Mg-Whitlockite present produced similar quality fits 
as indicated by the Rwp. Rietveld refinements revealed that ca. 70 wtO/o HA and ca. 30% 
Mg-PTCP (or Mg-Whitlockite) were present in the sample I. 5Mg-CaP (see Figure 5-7) 
(Whitlockite: space group = R3c, c= 37.226 A, a= 10.389 A, Hydroxyapatite: space 
group = P63/m. c=9.413, a=6.851). Sample 4Mg-CaP was found to contain ca 95 wt% 
HA and ca. 5 wtVo Whitlockite by refinement (see Figure 5-8) (Whitlockite: space group 
= R3c, c= 37.038 A, a= 10.336 A, Hydroxyapatite: space group = P63/M. c=9.408 A, 
a=6.818 A). It was observed that both the c and a parameters for both HA and 
Whitlockite decreased with increasing magnesium concentration in the samples. This is 
understandable, as magnesium substitutes for calcium in these calcium phosphates and 
being a smaller ion resulted in shrinkage of the lattice. Refinement of the unit cell of HA 
showed that a systematic volume decrease occured with increased levels of magnesium in 
solution (Figure 5-9). Although there is a slight deviation from the line for sample 
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4Mg-CaP cell volume, this could be a real effect indicating that the structure is 
approaching magnesium saturation and that magnesium take-up is no longer proportional 
to magnesium in solution. Nevertheless, the overall decrease in unit cell volume of SA3 
was clearly observed, and this reflects the reduction in average cation size in exchanging 
Ca2+ with Mg`+. The small magnitude of the value sterned from the small number of Mgý+ 
ions being substituted into the overall structure (which is less than one Mg per unit cell). 
A similar effect was obtained from the refmement of the Vvutlockite cell parameters, 
where the unit cell volume for sample 1.5Mg-CaP is ca. 3480 A3. Increasing the 
magnesium content in solution (samples 1.5Mg-CaP to 4Mg-CaP) resulted in a decrease 
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Figure 5-5 X-ray powder diffraction patterns of as-precipitated Mg-substituted calcium 
phosphate powders for samples (a) 0.5Mg-CaP (b) IMg-CaP (c) 1.5Mg-CaP 
(d) 2Mg-CaP (e) 4Mg-CaP (0 6Mg-CaP (g) 8Mg-CaP (h) 1OMg-CaP (i) 12Mg-CaP 
0) 14Mg-CaP and (k) MgP. Note: phase separation from pure Mg-substitutcd HA 
(Mg-HA) into a mixture of Mg-HA and Mg-Whitlockite (or Mg-PTCP) occurs from 
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The powder XRD patterns for zinc substituted samples are shown in Figure 5-10. 
Sample 1.3Zn-CaP gave a good match to the pattern for crystalline hydroxyapatite 
QCPDS pattern 09-432) as shown in Figure 5-10 (a). However, for sample 5. lZn-CaP 
very weak peaks corresponding to calcium zinc phosphate [CaZn2(P04)2] appeared as 
shown in Figure 5-10 (b) (compared to JCPDS pattern 020-248). Samples 5. lZn-CaP to 
28Zn-CaP shown in Figures 5-10 (b) to (g) were biphasic mixtures of the 
aforementioned phases. Increasing in zinc content [sample 14.7Zn-CaP (10.5 wt% zinc 
as measured) and above] resulted in broadening and reduced peak intensity of 
hydroxyapatite reflections. This behaviour was similar to that seen earlier when 
increasing amounts of magnesium were substituted into calcium phosphates and is 
possibly due to zinc retarding the growth and crystallisation of calcium phosphates. A 
further increase in zinc concentration in the reagent solutions lead to precipitation of 
crystalline calcium zinc phosphate [CaZn2(P04)21 in addition to presence of a minor 
amount of hydroxyapatite for sample 32Zn-CaP [Figure 5-10 (h)]. 
= 
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Figure 5-9 Plot of weight % magnesium in solution against the refined unit cell volume 
of hydroxyapatite. The linear fit shown is weighted according to the errors on the 
refined parameters. 
5.3.4 BET Surface Area Analysis 
Figure 5-11 shows the trends in BET surface areas for the magnesium substituted 
calcium phosphate samples. -For sample 0.5Mg-CaP (phase pure Mg-HA) the BET 
surface area was 20.7 m2 g-1. Samples 1Mg-CaP, 1.5Mg-CaP, 2Mg-CaP and 4Mg-CaP 
had lower surface areas of 19.4,16.2,12.1 and 10.6 rn 2 g-1. Moreover, phase-pure 
Mg-Whitlockite samples 6Mg-CaP and 8Mg-CaP (phase-pure Whitlockite) also had 
relatively low surface areas of 10.3 and 11.7 m2 g"', respectively. This is unsurprising 
given the extent of agglomeration observed in TEM Figures 5-1 (c) to (f). The surface 
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area showed a ca five fold increase for samples I OMg-CaP (50.2 m2 g-1), 12Mg-CaP 
(54.3 m2 g") and 14Mg-CaP (62.3 m2 g-1), respectively. This suggested that there was 
possibly a threshold above which Mg-substitution severely retarded crystallisation and 
growth of particles in solution under these conditions. This argument is supported by 
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Figure 5-10 Powder X-ray diffraction patterns of as-precipitated Zn-substituted calcium 
phosphate powders for samples (a) 1.3Zn-CaP (b) 5. IZn-CaP (c) IOZn-CaP 
(d) 14.7Zn-CaP (e) 19.3Zn-CaP (f) 23.7Zn-CaP (g) 28Zn-CaP and (h) 32Zn-CaP. 
Increase in zinc content did not result in a particular trend for BET surface areas as 
shown in Figure 5-10. Samples 1.3Zn-CaP, 5. lZn-CaP, l0Zn-CaP, 14.7Zn-CaP, 
19.3Zn-CaP, 23.7Zn-CaP, 28Zn-CaP and 32Zn-CaP had surface areas of 14.8,14.3, 
16.2,15.4,13.9,13.0,13.1 and 6.6 m2g", respectively. Overall, the surface area 
decreased slightly with increasing zinc content and all zinc doped calcium phosphate 
samples possessed a lower surface area compared to HA made under similar conditions 
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Figure 5-11 Variation in surface area of Mg-substituted calcium phosphates (and 
biphasic mixtures) with increasing magnesium and zinc content (wt%, measured by 
EDS) in the samples. 
5.3.5 Raman Spectroscopy 
Raman spectroscopy and FTIR spectroscopy were used to analyze the samples and aid 
identification of the different calcium phosphates present (Gibson et al. 2000; Gibson & 
Bonfield 2002; Rehman et al. 2000). 
Figure 5-12 shows Raman spectra for magnesium substituted samples. Peaks in Figures 
5-12 (a) to (d) for samples 0.5Mg-CaP to 2Mg-CaP were very similar to those observed 
for phase pure HA. Peaks at ca. 1083 and 1054 cm-1 in the Raman spectra, for these 
samples, correspond to asymmetric stretching (1)3) of the P-0 bond in phosphate. The 
peak around 970 cm-1 corresponded to the symmetric stretching mode (uj) of the P-0 
bond of the phosphate group. This peak is generally observed around 963 cm-1 in HA 
(Penel et al. 1997). The shift could be due to magnesium incorporation into the HA 
lattice which in turn may influence the vibrational characteristics of this bond. Indeed, 
Rietveld refinements revealed reduction in both c and a lattice parameters of HA with 
increase in magnesium substitution as discussed in section 5.3.1.2. Peaks at 615 cm-1 
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and 437 cni" corresponded to the u4 and U2 bending, respectively, of the O-P-0 linkage 
in phosphate. The Raman spectra for samples 4Mg-CaP to 14Mg-CaP revealed a peak 
corresponding to symmetric stretching of the P-0 bond in the range 970 to 976 cm" 
[Figures 5-12 (e) to (i)]. 
The Raman spectra for samples 1.5Mg-CaP to 14Mg-CaP [Figures 5-12 (c) to (k)] each 
revealed a peak at ca 630 cm-1, corresponding to bending mode of the O-P-0 linkage in 
phosphate. This peak was attributed to the O-P-0 linkage in TCP, which was also 
observed in the X-ray diffraction patterns for corresponding samples in Figure 5-5. 
Increase of magnesium content to 1.5 wVYo (and above), also resulted in the appearance 
of more new peaks in the Raman spectra at 415 and 555 cm"', which corresponded to 
the respective D2 and U4 bending modes of the O-P-0 linkage in HP04 2- in TCP 
(Koutsopoulos 2002). This suggested that the precipitating TCP phases for these 
compositions contain HP04 2- ions. For samples lOMg-CaP and above (with more Mg 
content) these peaks became less distinct. This was analogous to a marked decrease in 
crystallinity as seen in corresponding diffraction patterns in Figure 5-5 and a large 
increase in surface area as seen in Figure 5-11. 
Figure 5-13 shows the Raman spectra for all zinc substituted calcium phosphate 
samples. All samples showed the following peaks; at ca 1077 and 1049 cm" for 
asymmetric stretching (V3) and at ca. 964 crn-1 for symmetric stretching (vi) of the P-0 
bond in phosphate in HA (zinc substituted HA), at ca. 606 and 589 cm" for V4 bending 
and at ca 487 and 431 cm-1 for V2 bending of the O-P-0 linkage in phosphate in HA. 
For samples 1.3Zn-CaP to 28Zn-CaP it was observed that all the peaks became broader 
and less intense as shown in Figures 5-13 (a) to (g). This corresponded to decreasing 
crystallinity of the corresponding samples as observed from their X-ray diffraction 
patterns shown in Figure 5-10. 
In Figure 5-13 (b) the Raman spectrum for sample 5. lZn-CaP shows a small 
peak/shoulder at ca. 999 cm-1 which persists for higher zinc loading samples. This 
corresponded to the appearance of CaZn2(PO4)2 phase peaks in Figure 5-10 (b) for the 
same sample. The v, vibration of this phase has been reported to occur at ca 997 cm" 
for a and P-Hopeite (polymorphs of zinc phosphate tetrahydrates) (Herschke et al. 
2006). Additionally, a Raman peak appeared at ca. 976 cm" in the corresponding 
spectrum for sample 32Zn-CaP in Figure 5-13 (h). This was possibly due to formation 
of zinc stabilised TCP (Zn-TCP) as the literature shows a very strong peak 
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corresponding to the symmetric stretching (vi) of the P-0 bond in TCP at ca. 970 cm'I. 
The Raman spectrum of sample 32Zn-CaP shows extra peaks which were not observed 
for any other sample at 1795,1608,1424,1292 and 1138'cm-1. These are assigned to 
the presence of crystalline calcium zinc phosphate (CaZn2(PO4)2) in the sample [as seen 
in Figure 5 -10 (h)]. 
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Figure 5-12 Raman spectra in the range 1250 - 350 cm-1 for samples (a) 0.5Mg-CaP 
(b) lMg7CaP (c) 1.5Mg-CaP (d) 2Mg-CaP (e) 4Mg-CaP (0 6Mg-CaP (g) 8Mg-CaP 
(h) I OMg-CaP (i) 12Mg-CaP 0) 14Mg-CaP and (k) MgP. Note: the peak corresponding 
to O-P-0 bending of the HP04 2- group can be seen in Figure 5-12 (c) and increases for 
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Figure 5-13 Raman spectra in the range 2000 - 400 cm7l for samples (a) 1.3Zn-Cap 
(b) 5. lZn-CaP (c) IOZn-CaP (d) 14.7Zn-CaP (e) 19.3Zn-CaP (f) 23.7Zn-CaP 
(g) 28Zn-CaP and (h) 32Zn-CaP. 
5.3.6 Fourier Transform Infrared Spectroscopy 
The FTIR spectrum for sample 0.5Mg-CaP in Figure 5-14 (a) revealed peaks similar to 
those normally seen for hydroxyapatite; these include peaks at 3570 cm7l (strong) and 636 
cm7 1 due to the stretching mode (ps) and the liberational mode (UL), respectively, of 
hydroxyl groups (Koutsopoulos 2002; Rehman & Bonfield 1997). In Figure 5-14 (A) the 
0117' peaks at ca. 3570 cm-1 were normalised with respect to the intensity obtained for 
this peak in first spectrum, i. e. for sample 0.5Mg-CaP. A band in the range 
1150-990 cm-1 corresponded to asymmetric P-0 stretching 03) of the phosphate group, 
whilst a peak at 964 cm" corresponded to syminetric P-0 stretching (vj) of phosphate. 
The peaks at 605 and 567 cm-1 both corresponded to the 14 bending mode of the O-P-0 
linkage in phosphate, Whilst the peak at 478 cin", was due to the U2 bending mode of the 
O-P-0 linkage in phosphate. The weak peak centered at ca. 872 cm" may be due to the 
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bending mode 02) of the O-C-0 linkage of a minute amount of carbonate which may be 
present. 
With an increase in magnesium content, for samples 0.5Mg-CaP to 2Mg-CaP there was a 
decrease in the intensity of hydroxyl peaks at 3570 and 633 cm7' in the corresponding 
FTIR spectra. This was due to the onset of progessive Whitlockite formation (as 
suggested from the PXRD data) for samples lMg-CaP, 1.5Mg-CaP, 2Mg-CaP and 
4Mg-CaP. The FTIR spectra for sample 6Mg-CaP and higher magnesium contents [as 
seen in Figures 5-14 (f) to 0)], revealed the phosphate band (range 1150 - 990 cm"') that 
became broader with increasing magnesium substitution. This coincided with a decrease 
in crystallinity of Mg-Whitlockite (as suggested from powder XRD data). There was also 
a decrease in the intensity of the phosphate peak at 964 cm7 1 with increasing magnesium 
content (accompanying a decreasing amount of HA). For biphasic samples and phase pure 
Whitlockite [i. e. samples lMg-CaP to 14Mg-CaP, Figures 5-14 (b) to 0)], this peak may 
also be due to the presence of HP04 2-. Figure 5-14 (k) shows the FTIR spectrum for 
sample MgP. Bands centered at 3000 and 1650 cid' were observed due to the presence of 
adsorbed water molecules in the sample. The weak bands centered at 1450 and 870 cm" 
were assigned as the C-0 stretching vibrations of a small amount of carbonate that may 
be present. Sample MgP showed phosphate group vibrations similar to those seen for 
other samples. I 
Figure 5-15 shows the FTIR spectra for all zinc substituted samples. All spectra showed 
peaks normally observed for HA. In Figure 5-15 (a) the FTIR spectrum fýr sample 1.3Zn- 
CaP revealed peaks at 3753 cm7l and 3570 cm-1 corresponding to the asymmetric (V3) 
O-H stretching in water and stretching mode (%) of the hydroxyl group in HA. Another 
peak at 633 cm'l corresponded to the liberational mode ('uL) of hydroxyl groups in HA 
(Koutsopoulos 2002; Rehman & Bonfield 1997). In the same spectrum a large broad band 
centered at ca. 3400 cm-1 and a weak broad peak centered at ca. 1650 cm" correspond to 
adsorbed water molecules and bending (V2) of water, respectively. Peaks in the range 
1450-1380 cm" corresponded to asymmetric C-0 stretching (v3) of carbonate which 
suggested that a small amount of carbonate may be present. The band in the range 1250- 
1000 cm-1 corresponded to the asymmetric P-0 stretching (1)3) in phosphate whilst a peak 
at 963 cm-1, corresponded to symmetric P-0 stretching (vi) of phosphate. The weak peak 
centered at ca 875 cm" may be due to the bending mode (1)2) of the O-C-0 linkage in 
carbonate a small amount of which may be present. The peaks at 604 and 598 cm" 
correspond to the U4 bending mode of the O-P-0 linkage in phosphate. 
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It was observed that increasing zinc content in samples resulted in a decrease in the 
intensity of the OIT' peaks at ca. 3570 and 633 cm". Furthermore, carbonate bands were 
only observed in the FTIR spectrum for sample 1.3Zn-CaP shown in Figure 5-15 (a). This 
suggested that with higher amount of zinc in the samples, carbonate uptake by the lattice 
was decreased. This trend is similar to that observed for magnesium substituted calcium 
phosphate samples mentioned earlier. The main band in the range 1250-1000 cm-1 (D3, P- 
0) was observed to become less distinct and broader. This corresponded to a decrease in 
crystallinity of the zinc substituted calcium phosphate samples as seen in Figure 5-10. 
This may also be due to appearance of additional HP04 2- peaks which are partially 
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Figure 5-14 FTIR spectra in ranges (A) 3800 - 3400 cm-1 and (B) 1800 - 400 cm"I, 
respectively, for samples (a) 0.5Mg-CaP (b) lMg-CaP (c) 1.5Mg-CaP (d) 2Mg-CaP 
(e) 4Mg-CaP (o 6Mg-CaP (g) 8Mg-CaP (h) IOMg-CaP (i) 12Mg-CaP 6) 14Mg-CaP 
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Figure 5-15 FTIR spectra in ranges (A) 3800 - 3000 cm'I and (B) 1800 - 400 cm-1, 
respectively, for samples (a) 1.3Zn-CaP (b) 5. lZn-CaP (c) IOZn-CaP (d) 14.7Zn-CaP 
(e) 19.3Zn-CaP (f) 23.7Zn-CaP (g) 28Zn-CaP and (h) 32Zn-CaP. 
5.4 Conclusions 
Phase-pure magnesium (0.7 wt% for sample 0.5 Mg-CaP) and zinc substituted 
hydroxyapatite (0.9 wt% for sample 1.3Zn-CaP) were synthesised using the CHFS 
technique. Conventionally required long ageing times and subsequent heat treatments 
were avoided and the apatites were obtained crystalline and phase-pure in a rapid single 
step method. 
Increase in magnesium content significantly above 0.7 wt% (as measured) in our 
experiments led to precipitation of biphasic mixtures of Mg-PTCPAVhitlockite and 
magnesium substituted hydroxyapatite (starting from sample lMg-CaP). For a 
measured magnesium content of 5.8 wt% magnesium in sample 6Mg-CaP, phase-pure, 
crystalline magnesium Whitlockite [CalgMg2H2(PO4)141 was obtained. Elemental 
analysis suggested that the calcium phosphates synthesised were non-stoichiometric. 
Further increases in magnesium content resulted in a decrease in crystallinity of 
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magnesium substituted calcium phosphates and a ca. five fold increase in surface area. 
Increasing magnesium content affected the morphology of precipitating particles, 
beginning from roundening of HA-rods till the precipitation of very small nano-sized 
(<50 nm) seemingly hollow spherical particles which were amorphous magnesium 
Whitlockite. Rietveld refinement confirmed the presence of magnesium ions in the HA 
lattice and the both the lattice parameters (c and a) decreased with increasing 
substitution of magnesium into HA. 
Above a measured zinc content of 0.9 wt% in zinc substituted calcium phosphate 
samples from our experiments, biphasic mixtures of a calcium zinc phosphate phase 
[CaZn2(P04)2] and zinc substituted hydroxyapatite were precipitated. Although a 
biphasic mixture was still observed for sample 32Zn-CaP (16.4 wt% zinc), the relative 
amount and crystallinity of calcium zinc phosphate phase appeared to increase. 
A wide range of phase-pure cation substituted apatites and their biphasic mixtures were 
synthesised using the CHFS system in a rapid, single step manner. Coupled with the 
synthesis of anion doped calcium phosphates, this work elaborates the versatility of the 
CHFS system. Wherein, pure and ion substituted calcium phosphates can be synthesised 
with tailorable properties, such as crystallinity, composition, surface area, particle size, 
thermal stability and varying levels of non-stoichiometry. Th ' 
erefore, the CHFS system 
is a versatile and useful tool for the syntheses of nano-bioceramics. To further exploit 
the CHFS technique syntheses of HA based ceramic composite mixtures were planned. 
It was hypothesised that the CHFS system will enable synthesis of intimately mixed 
composite mixtures which may ultimately lead to enhanced mechanical properties. The 
results of these endeavours are reported in the following sections. 
5.5 Future Work 
Coupled carbonate and magnesium substitutions in HA synthesised in the CHFS system 
would be interesting. Such coupled substitutions have been reported to enhance the 
thermal stability of HA. As mentioned in the previous chapter, it would be interesting to 
correlate system parameters such as flow rates (and hence residence times), temperature 
and pressure with the substitution levels in HA. Dissolution/SBF related work is also 
suggested for these materials in order to show enhanced dissolution of biphasic 
mixtures of HA and TCP related phases co-precipitated in the CHFS systems. 
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Chapter 6 
Spark Plasma Sintering of Nano-Bioceramics 
using Continuous Hydrothermal Flow 
Synthesis Technique 
6.1 Introduction 
Hydroxyapatite [HA, Calo(OH)2(PO4)61 is a synthetic ceramic chemically similar to 
biological apatite, the mineral component of bone (Hench 1998a; Hench 1998b; Hench 
2000). It has been utilised, as reinforcement in biomedical polymers, as a coating on 
metallic implants and as a scaffold material for bone growth (Hench 1998a; Hench 
1998b; Hench 2000; Katti 2004). Indeed, HA has found success in hard tissue surgery 
as it is bioactive whilst being relatively insoluble and able to bond to surrounding 
natural tissue (Caria et al. 2007; Storck et al. 2007). Due to its inferior mechanical 
properties (wear resistance, strength etc. ), use of HA in load bearing applications is 
limited and has been used exclusively in low stress areas of the human body (e. g. 
ossicles in the middle ear) (Heimann & Vu 1997). In order to overcome the mechanical 
limitations of HA, reinforcing agents such as zirconia, alumina and titania particles, and 
carbon and stainless steel fibres, have been used (Kim et al. 2003a; Kong et al. 2005; 
Oktar et al. 2006; Roeder et al. 2003; Viswanath & Ravishankar 2006; White et al. 
2007). Mostly large additions of these reinforcements are required to yield significant 
increase in mechanical performance (e. g. high flexural strength) (Ahn et al. 2005). In 
most cases, this also requires high sintering temperatures and long treatment times. In 
particular small amounts of Zr02 additions (ca 1.5 wt%) to HA powders have been 
shown to improve bending strength (3-pt) of dense discs drastically (183 to 243 MPa) 
(Ahn et al. 2005). Zr02-HA formulations have therefore, been exploited as robust 
coatings for biomedical applications (Balamurugan et al. 2007; Suzuki et al. 2006). 
HA-Zr02 ceramics are normally sintered from mixtures of separately synthesised HA 
and Zr02 powders (Adolfsson et al. 2000; Chiu et al. 2007; Evis et al. 2006; Guo et al. 
2003a; Kim et al. 2002b; Kim et al. 2002a; Kim et al. 2003b; Kumar et al. 2005; Li et 
al. 1996; Mansur et al. 1998; Matsuno et al. 2003; Miao et al. 2004; Rao & Kannan 
2002; Zhang et al. 2006) or from co-precipitated powders (Rapacz-Kmita et al. 2004; 
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Silva et al. 2001a; Silva et al. 2001b; Silva et al. 2002; Silva & Lameiras 2000; Sung et 
al. 2007; Sung & Kim 2003; Whited et al. 2006). A room temperature co-precipitation 
method has been reported to result in homogeneously mixed particles of Zr02 and HA, 
which are easily compacted and sintered (Silva & Domingues 1997). Traditionally, 
hydroxyapatite requires up to 18 hours of maturation time (to obtain the correct 1.67 
stoichiometry) after precipitation and is followed by a subsequent heat-treatment at 
temperatures above 600 *C for crystallisation (Phillips et al. 2003). Indeed, co- 
precipitation of HA-Zr02 nanoparticles also requires long ageing periods (up to 17 
hours) and a subsequent heat-treatment is required (up to 1000 "Q (Rapacz-Kmita et al. 
2004; Sung et al. 2007). Hence, there is considerable interest in faster and homogeneous 
routes to Zr02-HA co-precipitates. 
The sintering or densification of these powders has also been the subject of considerable 
literature. Conventionally, consolidation of HA based ceramics is carried out using 
pressure-less sintering or hot-pressing. Pressure-less sintering involves sintering at high 
temperatures (above 1200'C) for long periods of time (1-4 hours) (Barralet et al. 2003; 
Cai et al. 2007; Guo et al. 2003b; Kothapalli et al. 2004; Laquerriere et al. 2003; 
Mostafa 2005; Nayar et al. 2006; Pramanik et al. 2007; Zhang et al. 2007). This 
technique involves extremely slow heating rates (around 5 *C/min) (Kothapalli et al. 
2004; Mostafa 2005; Pramanik et al. 2007). Exposure to such elevated temperatures for 
prolonged times results in large grain sizes of a few microns and sometimes phase 
decomposition can occur (Barralet et al. 2003; Nayar et al. 2006; Pramanik et al. 2007). 
It is difficult to attain full-densification of HA ceramics using pressure-less sintering 
(Kothapalli et al. 2004; Mostafa 2005). For this reason, glass (31 mol% Na2O, 24 mol% 
CaO, 45 M01% P205) has been used as a sintering aid in HA (Knowles et al. 1996). 
However, in contrast to pressure-less sintering, hot-pressing has been reported to yield 
denser HA ceramics (- 95% theoretical sintered density) at temperatures up to 1250 `C 
(10 'C/min), pressures up to 64 MPa and sintering times ranging from 1-4 hours 
(Bianco et al. 2007; Kobayashi et al. 2006). 
As well as Pure HA there is a great deal of interest in sintering HA based composites 
with other reinforcing ceramics such as Zr02 and this has been the subject of substantial 
literature as well. Conventional methods of consolidation of HA-Zr02 powders also 
include pressure-less sintering (up to 1500T and 4 hours) (Chiu et al. 2007; Delgado et 
al. 1999; Evis et al. 2006; Heimann & Vu 1997; Kim et al. 2002b; Mansur et al. 1998; 
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Rao & Kannan 2002; Silva et al. 2001 a; Towler et al. 2000; Zhang et al. 2006) and hot- 
pressing (up to 1225*C, 160 MPa and I hour) (Adolfsson et al. 2000; Evis & Doremus 
2007; Inuzuka et al. 2004; Li et al. 1996; Matsumoto et al. 2002; Matsuno et al. 2000; 
Sung et al. 2007). The high temperatures and long sintering periods required for these 
methods, result in grain sizes up to a several microns (HA up to 5 Pm, Zr02 UP to 3 gm) 
(Silva et al. 2001a). If smaller grain sizes could be obtained for HA and HA-Zr02 
composites they would be expected to show superior mechanical performance (flexural 
strength, hardness, wear resistance etc. ) as also predicted by Hall-Petch law (which 
states that yield strength of a material is indirectly proportional to grain size). 
Recently, consolidation of ceramics using spark plasma sintering (SPS) has gained 
importance due to the speed of this method and ability to control grain growth. Samples 
can be sintered at lower temperatures under pressure using rapid heating and cooling 
rates for extremely small sintering times (few minutes); resulting in nanostructured 
ceramics (Munir et al. 2006). Indeed, consolidation of HA to very high densification has 
been carried out using SPS (Gu et al. 2002; Guo et al. 2005; Khalil et al. 2007; Omori et 
al. 2006; Watanabe et al. 2005; Xu et al. 2005; Xu et al. 2007; Xu & Khor 2007). 
Vickers hardness up to 6 GPa have been reported for HA sintered using SPS (Gu et al. 
2002; Xu et al. 2005; Xu & Khor 2007). The flexural strength (3-pt) of hydroxyapatite 
sintered in a spark plasma furnace has been reported to be ca. 85 MPa (Shi et al. 2006) 
which compares to 55 MPa for HA sintered conventionally at 1250 *C for two hours 
(Pramanik et al. 2007). However, in an earlier publication in 2004, Miao, and co- 
workers reported a higher 3-pt flexural strength of I 10 MPa for HA spark plasma 
sintered at 1000 *C for 5 minutes (Miao et al. 2004). Pramanik and co-workers had used 
HA synthesised using co-precipitation which was heat-treated before sintering 
(Pramanik et al. 2007). Miao and co-workers on the other hand used commercially 
available HA. Slightly higher values of conventionally sintered HA were reported by 
Chen and co-workers. In their work, HA was sintered at 1250 *C for 2 hours to result in 
a ca. 2 ýtm grain size, 85% sintered density and 85 MPa 3-pt flexural strength (Chen et 
al. 2008). 
Moreover, there have been some reports of Zr02-HA ceramics sintered using SPS at 
temperatures and sintering times as low as 1000'C and 5 minutes (Guo et al. 2003a; 
Kumar et al. 2003; Kumar et al. 2005; Miao et al. 2004; Shen et al. 2001). In a report on 
spark plasma sintering of zirconia-hydroxyapatite composite powders, the Vickers 
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hardness and flexural strength varied between 5.4 GPa and 94 MPa, respectively, for 
pure sintered HA, to 14.2 GPa and 929 MPa, respectively, for pure sintered zirconia 
(Shen et al. 2001). Miao and co-workers were able to obtain a 3-pt flexural strength of 
200 MPa for 40 wt% YSZ (yttria stabilised zirconia) in HA. The composite was sintered 
to 93% theoretical density in 5 minutes at 1200 'C and the HA grain size exceed I gm 
(Miao et al. 2004). 
Most low temperature methods for the synthesis of phase-pure hydroxyapatite or 
composite mixtures of hydroxyapatite and a second reinforcing phase, are multi-step, 
time consuming methods. Moreover, the powders synthesised are amorphous as made 
and they require ageing and heat-treatment to attain stoichiometry and crystallinity as 
explained in previous chapters. In chapters 3,4 and 5 the CHFS of phase-pure and ion 
doped calcium phosphates and co-precipitates was reported. As the CHFS method can 
give access to very small size for intimately mixed HA and other phases, the rapid 
consolidation to retain a small grain size via SPS should offer access to dense 
nanostructured ceramics. 
This chapter addresses the synthesis of phase-pure hydroxyapatite in large quantities (to 
sustain powder consuming sintering studies) and its consolidation using a SPS furnace. 
Effect of reagent solution concentration on thermal stability of resulting apatites was 
also discussed. Furthermore, the sintering cycle was optimised to yield fully dense, 
phase-pure, non-cracked disc shaped samples. The co-precipitation of HA and calcium 
doped zirconia (CDZ) mixtures (with varying contents of Zr02) in the CHFS system 
and their subsequent consolidation using a SPS furnace is also discussed. The thermal 
stability of these composite powders was assessed using in-situ variable temperature 
X-ray diffraction up to 1200 *C. The sinterability of selected compositions (from 
previous chapters) for ion-substituted calcium phosphates is also discussed in this 
chapter. Selected discs were also tested for Vickers hardness and 3-pt bending strength. 
6.2 Experimental Data 
6.2.1 Synthesis of Hydroxyapatite for SPS 
HA for spark plasma sintering was synthesised using two different Ca: P molar ratios in 
solution (1.67 and 2.0). For a 1.67 ratio, 83.50 mM calcium nitrate solution (adjusted to 
pH II using neat ammonium hydroxide) was reacted with 50 mM diammoniurn 
176 
hydrogen phosphate solution (adjusted to pH 10 using ammonium hydroxide) in the 
CHFS system. This sample was labelled t-HA(450)* where t represents the 1.67 (low) 
ratio, 450 "C is the synthesis temperature and * denotes the use of a band heater 
For a 2.0 ratio, 100.0 mM calcium nitrate solution (adjusted to pH II using ammonium 
hydroxide) was reacted with 50.0 mM diammonium hydrogen phosphate solution 
(adjusted to pH 10 by adding ammonium hydroxide) in the CHFS. This sample was 
labelled m-HA(450)* where m represents the 2.0 (medium) ratio, 450 *C is the synthesis 
temperature and * denotes the use of a band heater. 
Details of amounts of reagents used and solution preparation for all these reactions are 
mentioned in section 2.2.2.4 (a). 
6.2.2 Synthesis of CDZ, -HA Mixtures 
CDZ-HA mixtures were synthesised using two different Ca: P molar ratios in solution 
(1.67 and 2.5). In total, seven reactions were carried out for this study. 
For a ratio of 1.67, two identical 83.5 mM calcium nitrate solutions were prepared. 
Different amounts of zirconyl nitrate were added to both these solutions such that they 
would result in 25 wt% and 50 wt% Zr02 in HA (calculated theoretically). A 50.0 MM 
stock solution of diammonium hydrogen phosphate (adjusted to pH 10 using 
ammonium hydroxide) was used. These samples are labelled as L-25 and L-50 (where L 
represents a lower Ca: P molar ratio of 1.67 and the number represents the theoretically 
calculated weight percentage of zirconia in the mixture). 
For a ratio of 2.5, four identical solutions of 125.0 mM calcium nitrate were prepared. 
Zirconyl nitrate was added to each of these four calcium nitrate solutions separately (pH 
2 for all four solutions). These corresponded to expected 5 wt%, 10 wt%, 25 wt% and 
75 wt% Zr02 in HA, respectively (amounts were theoretically calculated). A stock 
solution of 50.0 mM diammonium. hydrogen phosphate solution (adjusted to pH 10 
using ammonium hydroxide) was used. These samples are labelled as H-5, H-10, H-25 
and H-50 (where H represents a higher Ca: P molar ratio of 2.5 and the number 
represents the theoretically calculated weight percentage of zirconia in the mixture). 
Another sample was prepared by dissolving calcium nitrate and zirconyl nitrate together 
to result in an overall 400.0 mM concentration (pH 2). 1.0 M KOH solution (pH 14) 
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was also used. This sample is labelled as H-100 (H in this case represents excess 
calcium). 
Details of amounts of reagents used and solution preparation for all these reactions are 
mentioned in section 2.2.2.4 (b). 
6.2.3 Synthesis of Ion-Substituted Calcium Phosphate Powders 
In total eight reactions were carried out for this study which included six ion-substituted 
and two HA samples (with 1.67 and 2.0 in-solution Ca: P molar ratio). The samples are 
labelled as 7.5CO3-11M [solution preparation explained in section 2.2.2.2 (a)], 
5Si-HM [see section 2.2.2.2 (b)], O. Wg-CaM, I. Wg-CaO, Wg-CaO [see 2.2.2.3 (a)] 
and 1.3Zn-CaO [see section 2.2.2.3 (b)]. The two HA samples were prepared as 
described earlier in section 2.2.2.4 (a). The reagent concentrations and method of 
solution preparation was exactly similar to that for samples with identical sample IDs. 
However, in this case, the ý suffix represents different CHFS parameters (faster flow 
rates and use of a mixing zone heater). 
All the samples mentioned in the current chapter [details in section 2.2.2.41 were 
synthesised using flow rates of 25,12.5 and 12.5 ml min" for superheated water feed, 
calcium nitrate (mixed with corresponding substituting ion source or zirconyl nitrate) 
and diammonium hydrogen phosphate (mixed with corresponding substituting ion 
source) solutions, respectively. For sample H- 100, the third flow rate of 12.5 mL min7l 
represents the pumping rate of KOH solution. The synthesis temperature was set at 
450 *C while the small 200 W band heater in the mixing zone was also adjusted to 450 
*C. All samples were centrifuged, washed and freeze-dried as explained earlier; see 
section 2.2.2.1 (b). However, sample m-HA(450)* [mentioned in 2.2.2.4 (a)] required 
centrifugation at 5000 rpm for 20 minutes. The heating rate and pressure during 
sintering were 200 C min7l and 100 MPa respectively, in all the cases. Other SPS 
parameters (time, temperature, cooling rate, point of application and/or removal of 
force) are discussed within the results and discussion section of this chapter. 
6.2.4 Spark Plasma Sintering of HA and 10 wt% CDZ-HA Ceramics 
for 3-pt Flexural Strength Determination 
Large discs (40 mm diameter) of samples m-HA(450)* and H-10 were spark plasma 
sintered for this study. 10.0 g of HA and 10.5 g of H-10 were used for each disc. 
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Typical yields for 1000 mL of reagents pumped to react in the CHFS were ca 7.7 g. 
This required 80 minutes of pumping time to obtain a suspension from the CHFS 
system which was then washed, centrifuged and freeze dried prior to spark plasma 
sintering. From sample m-HA(450)* two discs each, were sintered at 950 and 1000 "C. 
Additionally, two discs of sample H-10 were sintered at 1000 'C. All samples were 
sintered for 5 minutes 15 seconds using a 40 mm. graphite die. The discs were then cut 
into 25 x3x2 mm rectangular strips using a diamond cutter for 3-pt flexural strength 
determination according to ASTM standard 1161. Prior to testing, all flexural test 
samples were polished as described in section 2.3.10.2. 
6.3 Results and Discussion 
6.3.1 Synthesis, Characterisation and SPS of Hydroxyapatite 
6.3.1.1 Electron Microscopy 
Transmission electron microscopy was used to assess the particle size and morphology 
of HA prior to sintering. Distinct crystalline nano-rods ca. 166 (± 62) x 39 (± 14) nm in 
size [50 particles sampled] can be seen in Figure 6-1 for sample &HA(450)*. In chapter 
3, the particles size of similar rods for sample HA(400) was reported to be ca 140 
(± 58) x 40 (± 12) run (aspect ratio ca. 3.5,50 particles sampled). This difference was 
due to higher pre-heater temperature (450 *C instead of 400 *Q and also due to the 
presence of a band heater in the mixing zone which maintained a high temperature and 
possibly affected the growth and crystallisation of these rods. This reasoning was 
supported by BET surface area measurements. The surface areas were measured to be 
22 m2 g-1 and 24 m2 g" for samples t-HA(450)* and m-HA(450)* respectively, which 
are lower compared to 39 m2g" for sample HA(400). The change in Ca: P molar ratio 
from 1.67 to 2.0 (in solution) caused no measurable change in the surface area of the 
particles. 
The Ca: P molar ratios for powder samples t-HA(450)* and m-HA(450)* measured 
using an EDS detector attached to a SEM were 1.39 (± 0.04) and 1.42 (± 0.03), 
respectively (see Table 6-1). In comparison, HA(400) as discussed in chapter 3, had a 
Ca: P molar ratio of 1.57 (± 0.06). This difference was due to a shortened residence time 
of 3.9 seconds (due to faster flow rates) for samples t-HA(450)* and m-HA(450)* as 
compared to 9.9 seconds (due to slower flow rates) for sample HA(400), respectively. 
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Table 6-1 Samples IDs, elemental composition (atomic %) as average values of 10 area 
scans and corresponding Ca: P molar ratios. SD represents standard deviation. 
Sample ID 
Atomic % 
Ca: P (± SD) 
Ca P 0 
t-HA(450)* 11.92 7.78 79.49 1.39 (±0.04) 




Figure 6-1 Transmission Electron Microscope (TEM) image of sample e-HA(450)* at 
x30k magnification [bar = 200 rim]. 
Initially, five discs using sample t-HA(450)*, 20 mm in diameter (2.0 g powder per 
disc), were consolidated in the spark plasma sintering ftimace at 750 'C, 850 'C, 950 
*C, 1000 'C and 1050 'C. The sintered densities are shown in Table 6-2. The heating 
rate and pressure during sintering were 200 *C min-' and 100 MPa (31.4 kN force), 
respectively, for all discs. The cooling rate was 225 'C min-' for all discs (sintering 
regime 1) except the one sample sintered at 1000 'C where the cooling rate was 
50 'C min-' (see Figure 6-2 for sintering regimes I and 2). It was observed that some 
samples with a cooling rate of 225 *C min-' cracked and a cooling rate of 50 'C min-' 
resulted in an un-cracked sample. The sample sintered at 750 *C underwent little or no 
consolidation and hence crumbled when handled. 
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Table 6-2 Sintering temperatures of the SPS furnace, corresponding densities and % 
theoretical densities of discs sintered. from sample t-HA(450)*. 4 "Cracked" refers to 
when sintered discs were found to be cracked into two or three pieces. 'v "crumbled" 







1050 3.16 0.07) 100.00 2.14) Crackedý 
1000 3.02 0.04) 95.68 1.26) Intact 
950 2.98 0.05) 94.27 1.67) Crackedý 
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Figure 6-2 Temperature and load variation with time for spark plasma sintering cycles 
(a) I and (b) 2. 
HA synthesised in CHFS system 3 was sintered conventionally in a box furnace for 2 
hours at 800,900 and 1000 *C (details in Appendix F). The heating and cooling rates 
were 2.5 *C min7l. This resulted in sintered densities of 48%, 51% and 60%, 
respectively. Tbus, conventional sintering of CHFS HA resulted in inferior ceramics as 
compared to spark plasma sintered HA. 
Microstructures of fractured surfaces of spark plasma sintered discs were observed 
under a scanning electron microscope as shown in Figures 6-3 (a) to (0. Figures 6-3 (a) 
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and (b) showed sub-micron features [range 150-400 mn; avg. 232 nm (± 60 nm); 20 
grains sampled] on the disc sintered at 1050 'C. The SEM images reveal minimal 
porosity, in agreement with the measured ca. 100% theoretical density. Figures 6-3 (c) 
and (d) revealed HA sintered at 1000*C to have a grain size in the range 
ca 150 - 400 run [avg. 285 mn (± 82 nm); 20 grains sampled]. However, more porosity 
was observed in the disc sintered at 1000'C as compared to the one sintered at 1050'C 
as visible in Figure 6-3 (b). Figures 6-3 (e) and (f) revealed the sample sintered at 950'C 
to be more porous with an average grain size of ca 188 run [± 22 nm; 20 grains 
sampled]. This grain size was small as, at this temperature, full densification and grain 
growth had not taken place. The SEM images were therefore, in rough agreement with 
the densities measured using the Archimedes' principle as shown in Table 6-2. 
6.3.1.2 Powder X-ray Diffraction 
Powder X-ray powder diffraction studies were carried out to identify phases and assess 
the phase-purity and crystallinity of HA powders and sintered discs. Figures 6-4 (a) to 
(f) show XRD patterns of discs sintered at 1050 "C, 1000 IC, 950 'C and 850 'C and 
powder samples t-HA(450)* and HA(400). The patterns shown in Figures 6-4 (e) and 
(f) gave a good match to phase-pure crystalline HA [compared to JCPDS pattern 
09-432]. However, it was observed that sample t-HA(450)* showed sharper peaks in 
comparison to those for HA(400), due to the higher crystallinity of the former. 
In Figures 6-4 (a) to (d) the XRD patterns for discs sintered at 1050 'C, 1000 *C, 
950 *C and 850 'C, respectively, using powder sample t-HA(450)* are shown. The 
major phase in samples sintered in the temperature range 950 - 1050 OC was HA except 
a very small amount of cc-tricalcium phosphate (compared to JCPDS pattern 09-348) as 
shown in Figures 6-4 (a) to (c). This was possibly due to non-stoichiometry in the 
precipitated sample [Ca: P molar ratio of 1.39 for powder sample t-HA(450)*]. Indeed 
calcium deficient apatites have been reported to decompose into tricalcium phosphates 
above 750 *C (this temperature increases with higher stoichiometry) (Kannan & 
Ferreira 2006). The disc sintered at 850 "C revealed phase-pure HA as shown in 
Figure 6-4 (d). Evidently, the calcium deficient HA, despite the calcium deficiency, is 
stable at this temperature. 
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Figure 6-3 Scanning electron microscope images of sample t-HA(450)* sintered, at 
1050'C at magnification (a) x25k [bar =I ýtm] (b) x40k [bar = 100 nmj, at I OOOOC at 
magnification (c) x7.5k [bar =I ýtmj (d) x30k [bar =I ýtmj, at 950"C at magnification 
(e) x7.5k [bar =I Wn] and (f) x25k [bar =I jAm]. 
It was also observed that after sintering (SPS) the peaks corresponding to (002) and 
(112) planes decreased in intensity and peaks corresponding to (300) and (3 10) planes 
increased in intensity. This was due to the decrease in the aspect ratio of HA rods, as 
seen in Figure 6-1, upon sintering which symbolises particle growth and coalescence. 
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6.3.1.3 Microhardness 
The hardness of sintered samples was analysed using micro indentation with a diamond 
shaped Vickers indentation tip. Figure 6-5 (a) to (d) revealed diamond shaped indents 
made on discs sintered (SPS) at 1050 OC, 1000 "C, 950 *C and 850 *C which had 
Vickers hardness values of 5.7,5.5,5.4 and 1.8 GPa, respectively (measured using 
equation 2-3 shown in section 2.3.10.1). The elongated shape of indent in Figure 6-5 (d) 
was possibly due to high level of porosity in the sample (sintered at 850 'C to 83% 
theoretical density). Overall, it was observed that the hardness of the sintered discs 
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Figure 6-4 Powder X-ray powder diffraction patterns of, discs spark plasma sintered at 
(a) 1050 *C (b) 1000 'C (c) 950 *C and (d) 850 "C and HA powder samples 
(e) &HA(450)* and (f) HA(400). 
Figure 6-2 shows sintering regimes 1 and 2 for sample t-HA(450)* sintered at 1050, 
950,850 and 750 *C. As almost all these discs were found to be cracked when extracted 
from the graphite die, a similar sintering regime, with a slower cooling rate of 
50 'C min71 was used in an attempt to reduce the "thermal shock" and hence avoid 
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brittle failure of the sintered discs. The figures show the temperature variation with time 
above 450 'C as the pyrometer attached to the SPS furnace was not able to read 
temperatures lower than this value. Moreover, a slight oscillation (ca. ±10 'C) in 
temperature was observed as the set sintering temperature was achieved in the furnace. 
This oscillation decreased with increasing time. This was attributed to variation in 
conduction due to movement of upper and lower punches of the graphite die with the 
application of pressure and also relative motion caused by shrinkage of the discs during 
sintering. A minimum load of 5 kN was always maintained on the die containing the 
HA powder and this load was increased, as the temperature reached the required 
sintering temperature, to 31.4 kN in one minute and then maintained for two minutes. 
The load applied was gradually decreased to 5 kN, the minimum load possible in the 
SPS ftunace, matching the time taken to reduce the temperature to 450 'C. Beyond this 
point graphite die was rapidly water cooled using an in-built cooling system and 









Figure 6-5 Indents made using a vickers, hardness tester with a diamond shaped 
indenter on discs spark plasma sintered at (a) 1050 'C (b) 1000 'C (c) 950 'C and 
(d) 850 'C (all optical micrographs at x500 magnification). 
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6.3.1.4 Optimisation of the Sintering Cycle 
As discussed earlier, sintering carried out using sintering cycle I [shown in Figure 6-2 
(a)] resulted in dense but cracked discs (using 20 mm graphite die). All the discs 
cracked in a similar brittle fashion; into two or three pieces. The sintering cycle 2 
[shown in Figure 6-2 (b)], at 1000 'C, resulted in an intact disc. Therefore, discs were 
sintered at 950,900 and 850 'C using sintering cycle 2, for 5 minutes (using 20 mm 
die). The sintering time was increased in order to obtain denser sintered discs at lower 
temperature. However, the discs sintered at 950 and 900 "C cracked. The disc sintered 
at 850 "C remained intact (similar to the previous case where sintering cycle I was 
used). This temperature is apparently low enough not to cause thermal cracking. During 
optimisation of the sintering cycle, certain parameters remained unchanged; 1) the 
heating rate was always 200 'C min7l 2) the force was applied when the temperature 
reached the set sintering temperature and 3) it took I minute for the force to increase 
from 5 kN to 31.4 W for a 20 mm. die and 70.7 kN for a 30 mm die. 
Table 6-3 Sintering temperature and time, corresponding sintering cycles and their 
details, die diameter and status of the extracted discs after sintering [Force reduced to 
RN, a= by 650 c)C, b= by 800 "C, "= in 30 seconds during 50 I'C min" cooling 
followed by rapid cooling, d= in 20 seconds during 50 *C min"' cooling followed by 
furnace cooling, '= in 15 seconds followed by furnace cooling]. 










1050 3 20 Cracked 
950 1 31 100 200 22 20 
Cracked 
850 3 5 20 intact 
750 3 20 crumbled 
1000 5 20 intact 
950 5 2 100 200 50 20 cracked 900 5 20 cracked 
850 5 20 intact 
950 5 3 100 200 20 20 
intact 
900 5 20 intact 
900 5 3 100 20 30 cracked 
900 5 4 100a 200 10 30 cracked 
900 5 5 1 00b 20 30 cracked 
900 5 0 20 intact 
1000 5 
6 100 200 Rapid cooling T 20 cracked 
1000 5 7 lood 
200 
50 *C min7l then 
furnace cooling 
20 cracked 
- 1000 5 8 looe F C li 20 
inta 1 
950 5 urnace oo ng 20 intact 
186 
The sintering cycle was ftirther modified to have a cooling rate of 20"C min" and HA 
was sintered at 950 and 900 'C for 5 mins (using 20 min die) [sintering cycle 3 shown 
in Figure 6-6 (a)]. Both these discs remained intact however, when the same cycle was 
used to sinter a 30 min sample at 900 'C for 5 minutes, the sample cracked. It was 
hypothesised that the cooling rate was too fast and the difference in thermal expansion 
coefficients of graphite and hydroxyapatite resulted in cracking. It was also considered 
that in addition to the cooling rate, the release of force on the die may be a contributing 
factor to cracking as well. Therefore, the sintering cycle was further modified to have a 
cooling rate of 10 'C min" and HA was sintered at 900 `C for 5 minutes (using 30 min 
die). The force was maintained at 70.7 kN (100 MPa) and while cooling, it was 
decreased to 5 kN as the temperature dropped to 650 *C [sintering cycle 4 as shown in 
Figure 6-6 (b)]. Below this temperature the die cooled down with minimum force 
applied to it. However, this sample was found to be cracked after extraction as well. 
The sintering cycle was modified again to sinter HA at 900 *C for 5 minutes under 70.7 
kN force (100 MPa pressure on a 30 mm die) with a cooling rate of 20 'C minl. 
However, this time the force on the die was brought to a minimum as the die cooled 
down to 800 'C [sintering cycle 5 shown in Figure 6-6 (c)]. Below this temperature the 
die cooled down with minimum force applied to it. This sample too, was found to be 
cracked. 
Another HA disc was sintered at 900 'C for 5 minutes under 31.4 kN force (100 MPa 
load on a 20 mm die). After completion of 5 minutes the die was first cooled at a 
relatively slow cooling rate, 50 *C min" for 15 seconds, during which the force was 
decreased to 5 kN. After this point the die was rapidly cooled down to room 
temperature within a few minutes [sintering cycle 6 shown in Figure 6-6 (d)]. It was 
thought that a slow cooling rate coupled with a gradual decrease in force followed by 
"compaction free" cooling might result in an intact sarnple. After extraction the dense 
sintered disc was found to be intact and totally crack free. However, use of a similar 
sintering cycle for sintering at 1000 IC for 5 minutes resulted in a cracked disc. 
Nonetheless, these results showed that the key to obtaining crack free samples was the 
early removal of force. 
Another HA disc was sintered at 1000 T for 5 minutes under 31.4 kN force (100 MPa 
on 20 min die) with a further modified force cycle during cooling. After the completion 
of 5 minutes sintering time, the force was decreased to 5 kN while maintaining a 
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cooling rate of 50 'C min". Once the force was down to 5 kN the die was allowed to 
cool down in the furnace without interference. This is referred to as furnace cooling 
(takes approximately 20 minutes to cool down to below 100 'C) [sintering cycle 7 as 
shown in Figure 6-6 (e)]. This disc was found to be cracked. 
It was decided that the die would be unloaded while it was at the sintering temperature 
and then furnace cooled. Two additional HA discs were sintered at 1000 and 900 'C, 
respectively, for 5 minutes under 31.4 kN (100 MPa pressure for a 20 mm. die). After 
the 5 minutes were complete, the temperature was maintained for 15 more seconds as 
the die was unloaded to 5 kN. Therefore, the net sintering time was 5 minutes 15 
seconds. Once under minimum force (5 kN) the die was furnace cooled (sintering cycle 
8, shown in Figure 6-6 (f)]. On extraction both discs were found to be intact. More discs 
were sintered using the same sintering cycle at 950 and 900 'C for 5 minutes and 15 
seconds using a 30 nim die. They too, were found to be intact and completely crack 
free. For all the sintering cycles, discs sintered at 1000 *C or above, were transparent, as 
shown in Figure 6-7. This confirms that the grain size is smaller than the wavelength of 
light (i. e. 400 - 700 rim) as a result of which light can travel through the sintered disc 
(Fang et al. 1995). The transparency also suggests that the sintered densities are almost 
100% theoretical density (because pores scatter light). 
Sintering of sample t-HA(450)* at 1050,1000 and 950 "C lead to slight decomposition 
of HA into a-TCP, as shown in corresponding XRD patterns in Figure 6-4. Therefore, 
sample m-HA(450)* (Ca: P molar ratio of 1.42) was then sintered at 1000 and 900 "C 
for 5 minutes 15 seconds using sintering cycle shown in Figure 6-6 (f). The sintered 
densities were ca. 100, and 99 % respectively, and the discs were intact and completely 
crack free. X-ray diffraction was used to assess the phase purity of these samples and 
corresponding XRD patterns in Figures 6-8 (a) and (b) revealed phase-pure HA with no 
signs of any other decomposition product. Figure 6-8 (c) shows the XRD pattern of 
sample m-HA(450)* revealing phase-pure HA. This proved that although the Ca: P 
molar ratios of samples t-HA(450)* and m-HA(450)* were slightly different (1.39 and 
1.42 respectively), the difference was sufficient to make m-HA(450)* thermally stable 
up to 1000 'C in the SPS furnace. The Ca: P molar ratios of samples t-HA(450)* and m- 
HA(450)* sintered at 900 *C were both found to ca 1.58 (±0.01). This suggested that 
evaporation of HP04 groups during sintering might have occurred which resulted in an 
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increase in Ca: P molar ratio. The peaks corresponding to (002), (112), (3 00) and (3 10) 
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Figure 6-6 Temperature and load variation for spark plasma sintering cycles (a) 3 (b) 4 
(c) 5 (d) 6 (e) 7 and (f) 8. 
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Figure 6-8 Powder X-ray diffraction patterns of discs sintered (a) 1000 `C and (b) 900 
'C from (c) sample m-HA(450)*. 
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6.3.2 Synthesis, Characterisation and SPS of CDZ-HA Mixtures 
6.3.2.1 Electron Microscopy 
Transmission Electron Microscopy 
Transmission electron microscopy was used to analyse the particle size and morphology 
of samples L-25 and L-50 as show in Figures 6-9 (a) to (f). It was observed that both 
calcium doped zirconia (CDZ) and HA particles largely retained their independent 
morphologies. Figures 6-9 (a) and (b) revealed distinct rods of HA [270 (± 75) x 58 
(± 19) nm: 50 particles sampled] and CDZ nanoparticles (< 10 nm). The HA rods in the 
presence of CDZ were observed to be considerably longer as compared to those shown 
for sample t-HA(450)* in Figure 6-1 [166 (± 62) x 39 (± 14) mn] for otherwise identical 
synthesis parameters (temperature, pressure and flow rates). This was possibly due to 
preferential growth of HA in the [001] direction in the presence of zirconium ions. 
Figures 6-9 (c) to (f) revealed a larger amount of CDZ nanoparticles in sample L-50. 
HA rods for sample L-50 were measured to be 303 (± 248) x 65 (± 22) nm in size [50 
particles sampled]. This suggested that a higher concentration of zirconium ions in 
solution resulted in even longer HA rods. The large standard deviation in average length 
was due to some extremely long HA rods (250 - 1000 m-n) as seen in Figure 6-9 (c). 
Figure 6-9 (0 revealed CDZ particles to be ca. 5 nin in diameter (50 particles sampled). 
Elemental Analyses 
Table 6-4 shows the elemental and phase composition of all CDZ-HA samples. The 
approximate phase compositions were determined assuming phase-pure Zr02 with 
123.2 g molar mass and phase-pure HA with a molar mass of 1005.0 g. This exercise 
revealed the observed phase compositions to be quite similar to the theoretically 
expected values. For sample H-100 the empirical formula was calculated to be 
CaO. 26ZrO. 740y. 
6.3.2.2 BET Surface Area Analysis 
The BET technique (N2 adsorption) was used to measure the surface area of all powders 
in this study (as shown in Figure 6-10). Samples L-25 and L-50 had surface areas of 
81.8 m2 g" and 165.3 m2 9", respectively. Samples H-5, H-10, H-25 and H-50 had 
surface areas of 41.3 m2 g", 54.1 m2 g", 94.8 m2 g" and 177 m2 g", respectively. It was 
noticed that the increase in surface area with amount of CDZ in the as-precipitated 
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mixture was nearly linear. This is understandable because CDZ has a higher surface 
area. Several TEM images of the mixtures can be seen in Figure 6-10. It was also 
observed that a higher in-solution Ca: P molar ratio, resulted in higher surface area of the 









1: Figure 6-9 Transmission electron microscope images of, sample L-25 at (a) x25k magnification [bar = 200 nm] (b) x50k magnification [bar = 100 nml and sample L-50 
at (c) x25k magnification [bar = 200 nmj (d) x50k magnification [bar = 100 run] 
(e) xI 00k magnification [bar = 50 nm] and (t) x2OOk magnification [bar = 20 nmj. 
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Table 6-4 Samples IDs, corresponding measured elemental (atomic %) and phase 
(weight %) composition as average values of 10 different area scans using an EDS 





S l ID Atomic % Wt% amp e Zr Ca SD Zr02 HA 
H-5 4.91 95.09 ± 0.40 5.95 94.05 
H-10 9.39 90.61 ± 0.62 11.27 88.73 
L-25 21.72 78.28 ± 0.23 25.39 74.61 
H-25 24.49 75.51 ± 0.75 28.45 71.55 
L-50 45.24 54.76 ± 0.39 50.32 49.68 
H-50 47.67 52.33 ± 0.76 52.75 47.25 
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Figure 6-10 Increase in surface area of composite powders with weight percent of ZrO2 
in as-precipitated samples for in-solution Ca: P molar ratio of (+) 2.5 [solid line] and (e) 
1.67 [dotted line]. 
6.3.2.3 X-ray Diffraction 
Powder X-ray powder diffraction patterns of all as-precipitated samples are shown in 
Figures 6-11 (a) to (f). ne umnarked peaks correspond to crystalline HA (JCPDS 
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pattern 09-432) and the marked peaks gave good match to both tetragonal zirconia and 
cubic calcium stabilised zirconia, Cao. 15Zro. 8501.85 (JCPDS patterns 42-1164 and 26-341, 
respectively). It has been reported that differentiation between cubic and tetragonal 
phases of zirconia is difficult based only on X-ray diffraction. However, Raman 
spectroscopy is an effective method to determine the presence of these polymorphs 
(Ghosh et al. 2006). Figure 6-11 (g) shows the diffraction pattern for sample H-100 
which corresponded to phase pure (cubic or tetragonal) CDZ. It was observed that the 
CDZ peaks were broad and had low intensity in Figures 6-11 (b) to (g). This was 
attributed to low crystallinity and the small size of zirconia nanoparticles [5 run, as 
shown in Figure 6-9 (f)]. It was observed that the main CDZ peak centred at ca 30.5" 
did not appear for sample H-5 as seen in Figure 6-11 (a). This was possibly due to a low 
amount of CDZ in the mixture, which remained undetected using current scan 
parameters. However, the surface area of sample H-5 (41.3 m2 g-1) was higher than that 
of phase-pure HA (22 m2 g") made under similar conditions (see Figure 6-10). This 
confirmed the presence of CDZ (also supported by elemental analyses data shown in 
Table 6-4). 
Although differentiation between the cubic and tetragonal polymorphs of zirconia. is 
difficult, evidence in literature suggests that particle sizes below 15-20 nm stabilise the 
tetragonal phase (Siu et al. 1999). Several images in Figure 6-9 revealed CDZ to be 
ca. 5 nm in diameter. 
These powder samples were then spark plasma sintered at 900 and 1000 *C, except 
sample H- 100 which was sintered only at 1000 I'C. Samples H-5 and H- 10 were sintered 
at 900 and 1000 'C, respectively, for 5 minutes 15 seconds using sintering cycle 8 
shown in Figure 6-6 (f). This sintering cycle was chosen in order to avoid cracking 
which may arise due to high content of HA in these samples and indeed, intact crack 
free discs were obtained. The densities (in g cni3) were measured using the Archimedes 
principle. The % theoretical density was calculated using densities of powders 
calculated using equation 2-1 in section 2.3.9 of chapter 2 based on the assumption that 
only two phases are present (HA and Zr02). All this data is summarised in Table 6-5. 
Sample H-5 sintered at 900 and 1000 'C resulted in discs with densities of 3.10 
(ca. 95%) and 3.08 (ca 95%) g Cnf3, respectively. Sample H-10 sintered at 900 and 
1000 "C resulted in discs with densities of 2.98 (ca. 89%) and 3.30 (ca. 99 %) g cm -3 , 
respectively. Samples L-25 and L-50 sintered at 900 and 1000 *C for 5 minutes using 
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sintering cycle 2 shown in Figure 6-2 (b), also resulted in intact crack free discs. Sample 
L-25 sintered at 900'C and 1000 *C resulted in densities of 2.78 (ca. 77%) and 3.42 
(ca. 96%) g Cm-3, respectively, whereas sample L-50 sintered at 900 and 1000 OC 
resulted in densities of 3.08 (ca. 74%) and 3.79 (ca. 91%) g CM, 3, respectively. 
However, when samples H-25 and H-50 were sintered at the same temperatures, using 
the same sintering cycle 2, the discs cracked. This might be attributed to different phase 
thermal behavior (contraction/expansion) as compared to that for samples L-25 and L- 
50 (due to higher amount of calcium in the former samples). Use of sintering cycle 6 on 
the other hand, resulted in intact crack free samples with densities of 3.02 (ca. 82%) and 
3.48 (ca. 95%) g cm-3 for sample H-25 sintered at 900 and 1000 *C, respectively. 
Densities of 3.12 (ca 74%) and 3.80 (ca. 90%) g cm-3 were obtained for sample H-50 
sintered at 900 and 1000 *C, respectively. 
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Figure 6-11 Powder X-ray diffraction patterns for as-precipitated samples (a) H-5 (b) 
H- 10 (c) L-25 (d) H-25 (e) L-5 0 (f) H-5 0 and (g) H- 100. Unmarked peaks correspond to 
HA. 
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Figures 6-12 (a) to (m) show the XRD patterns of discs spark plasma sintered from 
powders (the corresponding powder XRD patterns are shown in Figure 6-11). X-ray 
diffraction patterns of sample H-5 sintered at 900 and 1000 *C (shown in Figures 6-12 
(a) and (b)] revealed only two phases, phase-pure HA and calcium doped zirconia, CDZ 
(compared to JCPDS patterns 26-341 for cubic Cao. 1501.85Zro. 85 and 42-1164 for 
tetragonal Zr02), respectively. Similarly, XRD patterns in Figures 6-12 (c) and (d) for 
sample H-10 sintered at 900 and 1000 *C, respectively, revealed phase-pure HA and 
CDZ. The intensity of the main CDZ peak at 30.50 was observed to increase with 
increasing CDZ content and sintering temperature. Sintering sample L-25 at 900 'C also 
resulted in phase pure CDZ and HA as shown in Figure 6-12 (e). 
When sintered at 1000 *C it resulted in formation of small amount of a third phase, 
P-TCP (compared to JCPDS pattern 9-169) as shown in Figure 6-12 (f). It is already 
known that HA discs sintered in section 6.3.1 from samples with in-solution Ca: P molar 
ratio of ca 1.67, resulted in slight decomposition and formation of TCP phases. This 
was due to a final Ca: P molar ratio lower than 1.67 (phase-pure HA was subsequently 
obtained using a 2.0 in-solution Ca: P molar ratio). Similarly, sample L-25 was also 
synthesiscd with an in-solution Ca: P molar ratio of ca 1.67 and this ultimately resulted 
in appearance of TCP peaks after sintering. X-ray diffraction patterns of discs sintered 
from samples H-5 and H-10 in the 900 - 1000 *C range [Figures 6-12 (a) to (d)] did not 
reveal any TCP phase, due to a higher in-solution Ca: P molar ratio of ca. 2.5. 
Sample H-25 (similar CDZ content to L-25 but with an in-solution Ca: P molar ratio of 
ca. 2.5) sintered at 900 and 1000 *C yielded phase-pure CDZ and HA only, as shown in 
Figures 6-12 (g) and (h), respectively. This suggested that for a composition of 
28.45 wt% CDZ and 71.55 wt% HA, an in-solution Ca: P molar ratio of 2.5, results in a 
thermally stable HA phase up to 1000 *C after SPS. 
Sample L-50 sintered at 900 "C consisted mainly of CDZ and HA as shown in 
Figure 6-12 (i) (a small peak corresponding to P-TCP was also observed). Additionally, 
a very small peak, partially obscured by the main HA peak at 31.8* corresponding to 
calcium zirconate, CaZr03,, was also observed (compared to JCPDS pattern 35-079). 
When sintered at 1000 *C, the P-TCP and CaZr03 peaks increased in intensity as the 
HA peaks diminished or were obscured by the CaZr03 peak at 31.6" as shown in Figure 
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6-12 0). This suggested that the higher amount of CDZ in these samples (ca. 50 wt%) 
resulted in a solid state reaction of HA and CDZ to form CaZr03- 
Table 6-5 Sample IDs, calculated densities, sintering temperatures and times and 
measured densities of HA-CDZ and CDZ sintered discs. * Sample HA-100s density of 
5.50 g crrf3 was taken from unit cell details of the JCPDS pattern 26-341. The 
calculated densities assume mixtures of HA and Zr02 only. 
Sample Theoretical 
Sintering Conditions Measured density 






H 5 3 25 
900 5: 15 3.10 0.07) 95.28 2.17) 
- . 
1000 5: 15 3.08 0.08) 94.74 2.36) 
H 10 3 34 
900 5: 15 2.98 0.04) 89.31 2.98) 
- . 
1000 5: 15 3.30 0.03) 98.75 0.93) 
L 25 3 59 
900 5: 00 2.78 0.04) 77.39 1.22) 
- . 
1000 5: 00 3.42 0.04) 95.13 1.11) 
H 25 3 65 
900 5: 00 3.02 0.08) 82.62 2.19) 
- . 
1000 5: 00 3.48 0.10) 95.42 2.74) 
L 50 4 16 
900 5: 00 3.08 0.11) 74.00 2.64) 
- . 
1000 5: 00 3.79 0.07) 91.10 1.58) 
H 50 4 22 
900 5: 00 3.12 0.09) 74.04 2.20) 
- . 
1000 5: 00 3.80 0.05) 90.05 1.28) 
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Figure 6-12 X-ray diffraction patterns of sample, H-5 spark plasma sintered at (a) 900 
and (b) 1000 *C, H-10 sintered (SPS) at (c) 900 and (d) 1000 "C, L-25 sintered (SPS) at 
(e) 900 and (f) 1000 'C, H-25 sintered (SPS) at (g) 900 and (h) 1000 *C, L-50 sintered 
(SPS) at (i) 900 and 0) 1000 'C, H-50 sintered (SPS) at (k) 900 and (1) 1000 *C and 
(m) H-100 sintered (SPS) at 1000 11C. 
Sample H-50 sintered (SPS) at 900 "C revealed mainly HA and CDZ peaks as shown in 
Figure 6-12 (k). Very small peaks corresponding to P-TCP and CaZr03 were also 
noticed (similar behavior was noticed in discs sintered from L-50 at 900 *C). However, 
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H-50 sintered at 1000 *C had a composition of mainly HA and CDZ as compared to 
L-50 sintered at the same temperature [Figure 6-12 (1)]. Peaks corresponding to P-TCP 
and CaZrO3 were also observed. In comparison to L-50 sintered at 1000 *C, H-50 
sintered at the same temperature showed two differences. Firstly, HA was present in 
H-50 sintered at 1000 "C due to the higher in-solution Ca: P molar ratio of 2.5 (instead 
of 1.67). Secondly, the intensity of the CaZr03 peak was much lower. This suggested 
that a higher CaT molar ratio during CHFS synthesis of powders made HA more 
thermally stable and decreased the amount of CaZr03 formed at 1000 *C. 
Figure 6-12 (m) shows the XRD pattern for sample H-100 sintered at 1000 'C in which 
peaks corresponding to CDZ (either cubic or tetragonal) and CaZr03 were observed. A 
small peak for monoclinic CDZ (compared to JCPDS pattern 37-1484) was also 
observed. Figure 6-13 shows an equilibrium phase diagram for calcia (CaO) and 
zirconia (Zr02) mixtures. In sample H-100 the calcium content was determined using an 
EDS detector attached to a SEM, to be 26 mol. % with respect to zirconium. For similar 
compositions, the region marked by the vertical dashed line and arrows in Figure 6-13 is 






Figure 6-13 CaO - Zr02 equilibrium phase diagram (Stubican & Ray 1977). Dashed 
line and the arrows represent the region valid for sarnple H- 100. 
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6.3.2.4 Variable Temperature XRD Heat Treatment 
The phase stability of selected samples (H-5, H-10, L-50, H-50) was investigated using 
in-situ variable temperature XRD. Figure 6-14 shows the temperature vs 20 contour 
map (2D XRD contour map) of peaks for sample H-5. The coloured lines (representing 
separate peaks) tilted towards the left hand side with an increase in temperature. This 
was due to change in lattice parameters accompanying increasing temperature. A dotted 
line at ca 1100 "C marks the appearance of a new peak, which corresponded to cc-TCP 
(JCPDS pattern 09-348). Scan by scan analysis revealed a similar composition at 1150 
'C as well (i. e. HA, CDZ, a-TCP). The high temperature reaction product, CaZr03, 
appeared at 1200 *C. 
Figure 6-15 shows the 3D variable temperature X-ray diffraction (VT-XRD) powder 
pattern (intensity vs. 20 vs. temperature) for sample H-5. The most noticeable features 
were the appearance and growth of the peaks corresponding to CDZ (above 700 *Q and 
a-TCP (above 1100 *Q, possibly due to further crystallisation and growth of CDZ 
particles and thermal decomposition of HA due to non-stoichiometry, respectively. 
Figure 6-16 (a) shows the XRD pattern for sample H-5 collected at room temperature 
after the room temperature to 1200 'C in-situ XRD heat treatment (showing HA, CDZ, 
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Figure 6-14 2D XRD contour map of sample H-5 (temperature vs. 20) showing 
appearance and disappearance of peaks with increasing temperature. 
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Figure 6-16 X-ray powder diffraction patterns after VT-XRD heat treatment for 
samples (a) H-5 (b) H-10 (c) L-50 and (d) H-50. 
Figure 6-17 shows the 2D XRD contour map of peaks for sample H-10. A very little 
amount of a-TCP phase appeared in the scan corresponding to ca. 1000 "C in addition 
to CDZ and HA. A weak peak corresponding to CaZrO3 was detected at 1050 *C. At 
1100 "C and above (up to 1200 *C), the peaks corresponding to CaZr03 grew 
significantly larger. In addition to HA and CDZ, cc and P-TCP were both observed as 
well. 'Merefore, the higher percentage of CDZ in the mixture lowered the temperature at 
which CaZr03 appeared for sample H-10 (1050 'C) as compared to sample H-5 
(1200 *C). Figure 6-18 shows the 3D VT-XRD pattern for sample H-10 wherein, the 
appearance of a-TCP and CaZr03 peaks can be seen. Figure 6-16 (b) shows the XRD 
pattern for sample H- 10 after the heat-treatmený revealing only HA, CDZ and CaZX03. 
202 
12. - 
ýl 23 24 11 3 
2-Theta - ScaLe 
Figure 6-17 2D XRD contour map of sample H-10 (temperature vs. 20) showing 
appearance and disappearance of peaks with increasing temperature. 
I 
Figure 6-18 3D WARD plot of intensity vs 20 angle (') vs temperature ('C) for 
sample H- 10. 
Figure 6-19 shows the 2D XRD contour map for sample L-50. HA peaks decreased in 
intensity above 700 'C (noticeable in the 3D WARD plot shown in Figure 6-20) and 
were last observed at 860 *C as marked on Figure 6-20. HA also started decomposing 
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into cc or P TCP around 750 "C (marked on Figure 6-20). Upon cooling to room 
temperature (when peaks returned to their original positions making identification 
easier), peaks corresponding to (x-TCP, 0 TCP, CDZ and CaZr03 were observed. Also, 
a peak corresponding to monoclinic CDZ was observed at ca. 28.2' [Figure 6-16 (c)]. 
This corresponded to the presence of a large amount of CaZr03 phase and hence 
suggested that this was caused by diffusion of calcium out of zirconia, which also 
ultimately resulted in appearance of non-stabilised CDZ upon cooling down to room 
temperature. 
Due to CaZrO) Due to TCP 
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Figure 6-19 2D XRD contour map of sample L-50 (temperature vs. 20) showing 
appearance and disappearance of peaks vvith increasing temperature. 
Figures 6-21 and 6-22 show the 2D XRD contour map and the 3D WARD pattern, 
respectively, for sample H-50. HA peaks decreased in intensity above ca. 650 "C and 
were last observed at 1000 'C. This suggested that a higher Ca: P molar ratio in solution 
improved the thermal stability of HA and retarded the solid state reaction that led to 
CaZr03. However, in comparison to sample L-50, the TCP phase appeared at a lower 
temperature (650 'C). This decrease in intensity of main HA peaks corresponded to the 
appearance of cc-TCP peaks. Upon cooling, peaks corresponding to CDZ, ot-TCP and 
CaZr03 were observed. However, the amount Of CaZr03 formed (using XRD) was 
significantly lower as compared to that noticed for sample L-50, which suggested that 
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increase in Ca: P molar ratio in solution retarded this high temperature reaction. This 
possibly also resulted in the absence of the monoclinic zirconia phase (contrary to what 
was observed for sample L-50). 
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Figure 6-20 3D VT-XRD plot of intensity vs 20 angle (') vs temperature (*C) for 
sample L-50. 
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Figure 6-21 2D XRD contour map of sample H-50 (temperature vs. 20) showing 
appearance and disappearance of peaks with increasing temperature. 
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Figure 6-22 3D VT-XRD plot of intensity vs 20 angle (') vs temperature ('C) for 
sample H-50. 
6.3.2.5 Raman Spectroscopy 
Figures 6-23 (a) to (g) show the Raman spectra for powdered samples. In Figure 6-23 
(a) . Raman peaks at ca. 1084,1051 and 1037 cm-1, for sample H-5, corresponded to 
I 
asymmetric stretching (1)3) of the P-0 bond in phosphate. The peak around 973 cm- 
corresponds to the symmetric stretching mode (i)j) of the P-0 bond of the phosphate 
group. Peaks at 610,597 and 581 em-1 corresponded to the 1)4 and peaks at 447 and 
431 cm-1 corresponded to D2 bending, respectively, of the O-P-0 linkage in phosphate. 
In conjunction with information from XRD data from the previous section, the peak 
around 487 cm-1 was attributed to the presence of tetragonal calcium doped zirconia. 
Peaks around 641,613,473,325,260 and 146 cm-1 have been reported for tetragonal 
zirconia in literature. The absence of these peaks/shoulders in spectra shown in Figure 
6-24 (a) to (f) can probably be attributed to the following 1) masking by peaks 
corresponding to hydroxyapatite in similar regions, as observed previously; 2) low 
crystallinity of calcium doped zirconia phases, 3) possible "shielding" of the much 
smaller calcium doped zirconia nanoparticles by comparatively much larger IIA 
particles (seen in TEM images shown in Figure 6-9) and 4) the large peak at 
ca. 150 cm-1 that appeared in all spectra due to use of the 785 nrn laser (shown for 
sample H-50 in Figure 6-24). The use of the 532 nm laser, on the contrary, caused 
excessive florescence and hence the data collected using the 785 nm laser is presented. 
However the broadness of the 150 cm-1 peak extended to ca 280 cm-1; suggesting 
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presence of peaks which are not totally resolved. Indeed, peaks corresponding to 
tetragonal zirconia have been reported around 261 cm'l. 
Figure 6-23 (g) shows the Raman spectrum for sample H-100. Peaks were observed at 
1096,570 and 500 cm7l with an additional feature at ca. 400 cm-1. The 1096 cm-1 peak 
has been reported for extremely small zirconia, nanoparticles (<20 rim). The spectrum 
also showed a broad peak centred at ca. 570 and a shoulder at 500 cm". Though shifted 
as compared to reports in literature, these features (the broadness and singularity) 
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Figure 6-23 Raman spectra in range 1200 - 300 cni" for samples (a) H-5 (b) H-10 
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Figure 6-24 Raman spectrum for sample H-50 in the range 89 - 1200 cm7l. 
Figures 6-25 (a) to (in) show the Raman spectra for sintered discs. In Figure 6-25 (a), 
for sample H-5, sintered at 900 'C, the following peaks were observed for HA; at 1086, 
1056 and 1036 cin" due to asymmetric stretching (V3) and at 972 cm-1 due to symmetric 
stretching (vi), of the P-0 bond in phosphate. Peaks at 631,601 and 590 cm7l were due 
to V4 bending and at 455 and 443 cm-1 due to V2 bending of the O-P-0 linkage in 
phosphate. All sintered discs revealed identical Raman spectra for HA and are hence not 
discussed individually. Broad and weak features at 496 and 342 cm" in Figures 6-25 (a) 
and (b) were possibly due to the presence of tetragonal CDZ in sample H-5. In Figures 
6-25 (c) and (d), Raman spectra corresponding to sample H-10 sintered at 900 and 1000 
*C, respectively, revealed an additional shoulder at ca 640 cm". This was attributed to 
tetragonal CDZ. Appearance of peaks at 658 and 278 cm-1 and a more distinct shoulder 
at 316 cm-1 in the Raman spectrum for sample L-25 sintered at 900 `C [Figure 6-25 (e)] 
confirm the presence of tetragonal CDZ. This is understandable given that sample L-25 
has ca 25 wtO/o zirconia content, which is much higher than samples H-5 (5 wt%) and 
H-10 (10 wtO/o). 
Additional features appeared in the 2000 - 1100 cm 'I range in Figure 6-25 (e) for 
sample L-25 sintered at 900 "C. The Raman spectrum in Figure 6-25 (f) for sample 
L-25 sintered at 1000 'C also revealed similar but more intense peaks in the 2000-1100 
cm" range. Additionally in the same Raman spectrum in Figure 6-25 (ý, weak features 
at 470 cni" (shoulder) and 332 (weak peak) cm-1 corresponding to monoclinic zirconia 
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were also observed. On the contrary, monoclinic zirconia was not observed in the XRD 
patterns shown in Figure 6-12 (f). This may be attributed to a very low amount of 
monoclinic zirconia in the sintered sample or the obscuration of monoclinic zirconia 
peaks due to the broadness of the tetragonal CDZ peak in the corresponding XRD 
pattern. Similar features (2000 - 1100 crn" range) were observed for sample H-25 
sintered at 900 and 1000 *C in Figures 6-25 (g) and (h), respectively. In the same 
region, identical peaks but with higher intensities were observed in Figures 6-25 (i) to 
W. 
Overall, the intensity of the peaks in the 2000-1100 cm7l region increased with zirconia 
content in the sample and increasing sintering temperature but decreased with increase 
in in-solution Ca: P molar ratio. Intensities of these peaks were lower for samples H-25 
and H-50 as compared to those for samples L-25 and L-50. This corresponded to the 
inhibiting effect of a higher Ca: P molar ratio on CaZr03 peaks as seen in Figure 6-12. 
Therefore, the peaks in the 2000-1100 cm" range can be attributed to CaZr03. Also, the 
variation in intensity of the peak at 278 cm-1 matched the variation in intensity of these 
peaks suggesting that it may too, be attributed to CaZr03 in addition to tetragonal CDZ. 
Figure 6-25 (m) shows many peaks in the range 723 - 217 cm7l. Such a large number of 
peaks and features may suggest presence of all three polymorphs of zirconia; tetragonal, 
cubic and monoclinic. 
6.3.3 Synthesis, Characterisation and SPS of Ion-Substituted Calcium 
Phosphates 
The sinterability and phase stability of ion-substituted calcium phosphates produced 
using the CHFS system was assessed using Spark Plasma Sintering and subsequent 
X-ray diffraction analysis. Ion-substituted powder samples 7.5CO3-11M (sintered 
density - 3.28 g cni3), 5Si-HA (2.62 g cm"3), O. Wg-CaO (3.12 g cm3), 1.5Mg-CaPO 
(2.74 g crd3), Wg-CaO (3.06 g CM-3 ), and 1.3Zn-CaPO (3.16 g cm-3) were spark plasma 
sintered at 950 *C for 5 minutes 15 seconds under 100 MPa using sintering cycle 8 
shown in Figure 6-6 (f), resulting in dense uncracked 20 nun diameter discs. However, a 
cracked disc was obtained when sample 7.5CO3-HAO was sintered. Phase-pure 
hydroxyapatite samples t-HA(450)* (2.92 g CM, 3 93%) and m-HA(450)* (3.16 g cm3, 
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Figure 6-25 Raman spectra in the range 2000 - 200 cm7l for spark plasma sintered 
samples, H-5 sintered (SPS) at (a) 900 *C and (b) 1000 *C, H-10 sintered (SPS) at 
(c) 900 *C and (d) 1000 "C, L-25 sintered (SPS) at (e) 900 *C and (f) 1000 *C, H-25 
sintered (SPS) at (g) 900 *C and (h) 1000 *C, L-50 sintered (SPS) at (i) 900 *C and 
0) 1000 *C, H-50 sintered (SPS) at (k) 900 *C and (1) 1000 *C and (m) H-100 sintered 
(SPS) at 1000 T. Key: t= tetragonal, c= cubic, m= monoclinic CDZ- 
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6.3.3.1 Elemental Analysis 
The substitution levels in ion-substituted calcium phosphate samples prior to sintering 
were measured using an EDS detector attached to a SEM. Sample 5Si-HAO contained 
1.42 wt% silicon. On the contrary, sample 5Si-HA mentioned in Chapter 4 contained 
0.81 wtO/o silicon. This was possibly due to a higher synthesis temperature (ultimately 
resulting in higher silicate ion incorporation into HA) for sample 5Si-HAO (450"C with 
mixing point heater at 450 'C as well) as compared to that for sample 5Si-HA (400 *C, 
no mixing point heater). Samples MMg-CaPý, I. Wg-CaO and Wg-CaO contained 
0.58,1.5 8 and 6.04 wt% magnesium. Sample 1.3Zn-CaPO was found to contain 0.9 wt% 
zinc. 
6.3.3.2 X-ray Diffraction 
The XRD patterns of powder samples and spark plasma sintered discs are shown in 
Figure 6-26 (a) to (1). Figure 6-26 (a) revealed sample 7.5CO3-HM consisted of 
carbonate substituted HA (compared to JCPDS pattern 09-432 for HA). When this 
sample was sintered (SPS) at 950 'C, it resulted in a cracked disc with ca 100% 
theoretical density (possibly due to the C02 release). Figure 6-26 (b) revealed the disc to 
consist of HA. A calcite peak (compared to JCPDS pattern 05-586 for calcite) was 
observed as well, however this was attributed to the plasticine that was used to mount 
the disc in the sample holder for XRD analysis. The (112) and (002) (c-axis) peaks for 
HA decreased in intensity and the (300) (a-axis) peak increased in intensity, markedly 
(Guo et al. 2005). This was possibly due to particle coalescence, growth and subsequent 
polygonisation. The expected densification behavior of HA rods (particles) is shown in 
Figure 6-27. The increase in intensity of (300) peak can be explained by the alignment 
of a few individual HA rods parallel to each other during spark plasma sintering to 
result in a HA grain in the polycrystalline ceramic. 
For powdered samples the most intense peak corresponded to a reflection from the 
(211) plane. The XRD patterns in Figures 6-26 (c) and (d) for sample 5Si-HAO and its 
corresponding sintered disc were identified as phase-pure HA. The (112) reflection was 
observed to decrease in intensity upon sintering. The XRD pattern in Figure 6-26 (e) 
revealed sample 0.5Mg-CaP' to be reminiscent of phase-pure HA (magnesium 
substituted HA, Mg-HA). After spark plasma sintering, the discs were found to contain 
mostly Mg-HA and a small amount of magnesium stabilised Whitlockite, 
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Mg-Mitlockite [compared to JCPDS pattern 042-578 for Cal8Mg2H2(PO4)14] as shown 
in Figure 6-26 (f). In a manner similar to that observed for sintering of sample 
7.5CO3-I-IA+,, the (112) and (002) peaks decreased and the (300) peak increased in 
intensity, respectively, markedly upon sintering. Figure 6-26 (g) shows the XRD pattern 
for sample 1.5Mg-CaP+, in which magnesium substituted HA and Mg-stabilised 
Whitlockite [Cal8Mg2H2(PO4)14, minor phase] were observed. Upon sintering, the peaks 
corresponding to magnesium stabilised Whitlockite increased in intensity, possibly due 
to thermal decomposition of Mg-HA [Figure 6-26 (h)]. As mentioned in earlier cases in 
this discussion, the (112) and (200) peaks for Mg-HA decreased and the (300) peak 
increased in intensity, respectively. Figures 6-26 (i) and 0) show XRD patterns for 
powdered sample 6Mg-CaP' and corresponding sintered disc, respectively. Powder 
6Mg-CaP' was identified as phase-pure magnesium stabilised Whitlockite. After spark 
plasma sintering Mg-Whitlockite was the only phase observed as well. 
The XRD pattern in Figure 6-26 (k) for sample 1.3Zn-CaP' gave good match to 
phase-pure HA. After sintering [see Figure 6-26 (1)], a biphasic mixture of HA (zinc 
substituted HA, Zn-HA) (JCPDS pattern 09-432) and P-TCP (zinc stabilised P-TCP, 
Zn-PTCP) (JCPDS pattern 09-169), was observed. Similar to sintering of other ion- 
substituted samples, the (112) and (002) peaks decreased and the (3 00) peak increased 
in intensity, respectively. 
Figures 6-28 (a) and (b) show XRD patterns for samples t-HA(450)* and m-HA(450)*, 
revealing near identical HA phases only. Upon sintering sample t-HA(450)*, a very 
small peak corresponding to P-TCP phase appeared [Figure 6-28 (c)], whereas the 
sample m-HA(450)* remained phase-pure [Figure 6-28 (d)]. This was due to a 
comparatively higher stoichiometry in the latter sample, which was found to improve 
the thermal behavior of HA as mentioned earlier. After sintering at 950 *C, samples 
t-HA(450)* and m-HA(450)* resulted in densities of 93% and 100 % theoretical density 
(assuming phase-pure HA). The lowered sintered density of e-HA(450)*, might be due 
to formation of P-TCP. In both these spark plasma sintered samples, the (211) peak was 
the most intense peak. However, in the cases of spark plasma sintering of ion- 
substituted HA the (300) peak was observed to be the most intense in the HA-phases. 
This suggested that substitutions in the HA lattice effect grain-growth characteristics of 
HA during spark plasma sintering, especially in the case of silicon doping where only 
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83% theoretical density was achieved after spark plasma sintering. Indeed, silicon has 
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Figure 6-26 XRD patterns for (a) sample 7. SC03-HAO (b) after sintering (SPS) 
(c) sample 5Si-HAO (d) after sintering (SPS) (e) sample 0.5 Mg-CaPO (f) after sintering 
(SPS) (g) MMg-CaO (h) after sintering (SPS) (i) sample 6Mg-CaPO 0) after sintering 
(SPS) (k) sample 1.3Zn-CaPO (1) after sintering (SPS). All samples were sintered at 
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Figure 6-28 XRD pattems for (a) sample t-HA(450)* (b) after sintering (SPS) 
(c) sample m-HA(450)* (d) after sintering (SPS). All samples were sintered at 950 'C 
for 5 minutes 15 seconds under 100 MPa. 
6.3.4 Spark Plasma Sintering of HA and 10 wt% CDZ-HA Ceramics 
for 3-pt Flexural Strength Determination 
Spark plasma sintering and characterisation of samples E-HA(450)*, m-HA(450)* and 
H-10 has been discussed in detail in the preceding sections. Discs 20 or 30 mm in 
diameter were spark plasma sintered from their powders as mentioned earlier. In this 
section selected powder samples were spark plasma sintered for 5 minutes 15 seconds 
under 100 MPa (125.7 kN) loading [using sintering cycle 8 in Figure 6-6 (f)] to result in 
larger, 40 mm diameter discs. The larger size facilitated subsequent cutting of multiple 
rectangular samples for 3-pt flexural strength determination as explained in section 
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2.3.10 in Chapter 2. Sample e-HA(450)* (I disc) was sintered to full density at 1000 *C- 
Sample m-HA(450)* (2 discs) was sintered to full densification when sintered at both, 
950 and 1000 OC. Discs sintered at 1000 *C were observed to be transparent. 
Additionally, sample H-10 (2 discs) was sintered to 96% theoretical density at 1000 T 
as well. 
6.3.4.1 Scanning Electron Microscopy 
Small pieces of sintered discs were fractured (using a harnmer) to observe the 
microstructure of the fractured surfaces under the SEM. Figures 6-29 (a) and (b) show 
the fractured surfaces of sample m-HA(450)* sintered at 950 `C for 5 minutes 15 
seconds under 100 MPa loading at 50,000 and 100,000 magnification, respectively. 
Figure 6-29 (a) revealed a high sintered density, although a very small amount of 
rounded inter-granular porosity (<100 nin) was also observed. Figure 6-29 (b) revealed 
an average grain size of 191 nin (± 35 rim, 50 grains sampled). Comparison of this grain 
size to the particle size shown in Figure 6-1 suggested that very little grain growth 
occurs during consolidation. This exemplifies the advantages of spark plasma sintering 
for making dense nanostructured materials. Figures 6-29 (c) and (d) show fractured 
surfaces of sample t-HA(450)* sintered at 1000 *C for 5 minutes 15 seconds at 50,000 
and 100,000 magnification. Figure 6-29 (c) revealed no obvious porosity, consistent 
with density measurement using the Archimedes's principle (full densification, 
- 100%). Figure 6-29 (d) revealed average grain size of 244 rim (± 81 rim, 50 grains 
sampled) for sample t-HA(450)* sintered at 1000 'C. In comparison to sintering carried 
out at 950 *C, at 1000 OC a slightly larger average grain size was observed with a 
slighter larger standard deviation. Figures 6-29 (e) and (0 show the fractured surfaces of 
sample m-HA(450)* sintered at 1000 'C for 5 minutes and 15 seconds under 100 MPa 
loading. Figures 6-29 (e) and (f) showed sub-micron features with minimal porosity and 
an average grain size of 212 nin (±60 rim, 50 grains sampled). 
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(a) 
Figure 6-29 SEM images showing the microstructures of, sample m-FIA(450)* sintered 
at 950 'C at magnification (a) x50k [bar =3 gm] and (b) xI OOk [bar =I gm], sample 
f-HA(450)* sintered at 1000 'C at magnification (c) x50k [bar =3 gm] and (d) xI OOk 
[bar =I [im] and sample m-HA(450)* sintered at 1000 IC at magnification (e) x50k 
[bar =3 gm] and (f) xI 00k [bar =I gm]. 
Figures 6-30 (a) to (e) show SEM images of fractured surfaces of sample H- 10 sintered 
at 1000 'C. Figure 6-30 (a) shows a non-porous region of the sintered disc with sub- 
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micron features at xIOOk magnification. Figures 6-30 (b) to (d) shows an adjacent, 
slightly porous region of the sample. In Figure 6-30 (d) two distinct grain sizes in this 
region of the sintered disc were clearly visible. The larger grains [avg. 210 ran (±40); 50 
grains sampled] are likely to be HA whereas the considerably smaller grains [avg. 48 
nm, (±12); 50 grains sampled] are likely to be CDZ. In Figure 6-30 (b) a few grains 
(marked on the figure) were observed to have a rod like particle morphology akin to that 
of HA prior to sintering. Hence the surface coverage of HA rods by CDZ particles 
prevents the HA grains from growing and fusing. The density of this disc was measured 
to be 96 % using the Archimedes's method. Indeed, zirconia sinters at higher 
temperatures (1100 - 1500 'C), as compared to HA (Chen et al. 2004). 
Figure 6-30 SEM images of sample H5 sintered at 1000 'C for 5 minutes 15 seconds at 
magnification (a) xlOOk [bar =I ýLm] (b) xlOOk [bar ýI ýLmj (c) xIOOk [bar =I Pmj 




6.3.4.2 Three point (3-pt) Flexural Strength 
The details of the flexural strength testing are explained in section 2.3.10 of chapter 2. 
Sample m-HA(450)* spark plasma sintered at 950 *C had a flexural strength of 
136.7 MPa (± 20.9). As expected, when sample m-HA (450)* was sintered at 1000 *C a 
higher flexural strength of 158.4 MPa (± 14.0) was measured. Indeed, porosity was not 
visible as seen previously in SEM images shown in Figures 6-29 (e) and (f). Sample 
H-10 spark plasma sintered at 1000 'C, however, resulted in a lower flexural strength 
value of 107.7 MPa (± 10.2). TIlis can be attributed to the presence of porous regions in 
the sample as observed previously in the SEM images shown in Figure 6-30. This 
suggested that 1) CDZ nanoparticles hindered the growth and sintering of HA particles 
and 2) the temperature 1000 *C and sintering time of 5 minutes 15 seconds are probably 
insufficient for complete sintering to take place. 
Sample m-HA(450)* sintered at 950 *C had a low Weibull modulus of 6.2. This was 
attributed to a wide distribution in size and effect of critical defects (which is porosity in 
this case). The same sample sintered at 1000 *C resulted in a higher Weibull modulus of 
11.0. This corresponded to the absence of porosity in the samples when observed under 
the SEM. Sample H-10 sintered at 1000 'C had a lower Weibull modulus of 9.9 (also 
due to porosity as observed in Figure 6-30). Hence, in tenns of reliability and 
mechanical performance, sample m-HA(450)* sintered at 1000 'C is the best option. 
Table 6-6 Details of spark plasma sintered discs, corresponding 3-pt flexural strengths, 
standard deviations and Weibull moduli. 
SPS 








950 136.7 20.9 6.2 
* m-HA(450) 
1000 158.4 14.0 11.0 
H-10 1000 107.7 10.2 9.9 
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6.4 Conclusions 
In this work, HA synthesised at 450 *C and 24 MPa (band heater at 450 "C) with an in- 
solution Ca: P molar ratio of 1.67 [sample t-HA(450)*] was sintered to full density at 
1050 "C within 3 minutes under 100 MPa using spark plasma sintering. Discs sintered 
at 1000 'C and above, displayed transparency because of their grain sizes being smaller 
than the wavelength of light. A maximum Vickers hardness of 5.7 GPa was measured 
for HA sintered at 1050 "C for 3 minutes under 100 MPa. Overall, increase in sintering 
temperature resulted in an increase in hardness of these samples (due to decrease in 
porosity). Sintering of sample C-HA(450)* at 950 'C and above resulted in slight 
decomposition of HA into a P-TCP phase. This was attributed to non-stoichiometry in 
the powder sample itself and hence the thermal instability of the sample. CHFS of HA 
with a 2.0 in-solution Ca: P molar ratio [sample m-HA(450)*] improved the thermal 
stability of HA. Sintering at 1000 "C for 5 minutes under 100 MPa resulted in a phase- 
pure HA phase. 
Sintering times and force profiles were found to be important for densification. Increase 
in sintering time at 950 *C from 3 minutes to 5 minutes 15 seconds increased the 
sintered density from 95 % to 100 %. The sintering cycle (temperature and force 
variation with time) was optimised in order to yield un-cracked fully dense sintered 
discs. Immediate release of force on the die in the spark plasma sintering furnace after 
completion of sintering time, prior to the cooling ramp, was the key to obtain intact 
discs. 
Mixtures of calcium doped zirconia, CDZ and HA were co-crystallised in a rapid single 
step using the CHFS system at 450 *C and 24 MPa (band heater at 450 'C). A 
tetragonal structure was suggested for CDZ in the powder mixtures. HA and CDZ 
phases in the powder mixtures could be identified based on particle size and 
morphology under the TEM. After sintering, samples L-25 and L-50 phase-decomposed 
by HA converting into TCP phases and a high temperature reaction product, CaZr03. 
The formation of this latter phase was retarded by using a higher in-solution Ca: P molar 
ratio of 2.5. Phase evolution and thennal stability of powder mixtures were analysed 
using in-situ variable temperature XRD. Results indicated samples H-5 and H-10 to be 
ideal samples in-terms of thermal stability up to 1000 *C. Indeed, samples H-5 and 
219 
H-10 were sintered to 96 and 98 % sintered. densities, respectively, at 1000 *C resulting 
in HA and CDZ as the only two phases. 
Selected compositions from previous chapters, e. g. ion-substituted calcium phosphates, 
were re-synthesised at 450 *C and 24 MPa (band heater at 450 "C) using flow rates of 
25,12.5 and 12.5 ml mid 1 for superheated water, calcium and phosphate source feeds, 
respectively. In the case of silicate, synthesis at higher temperatures used here, resulted 
in increased silicate substitution into HA (compared to in chapter 4). With the exception 
of sample 5Si-HM, all ion-substituted samples underwent same phase 
decomposition/transformation in the conditions used for spark plasma sintering. All 
samples were sintered at 950 "C for 5 minutes 15 seconds under 100 MPa. Sample 5Si- 
HM was consolidated by spark plasma sintering to only 83% theoretical density 
suggesting that presence of silicate in the HA hindered particle coalescence and 
subsequent densification. 
For mechanical testing, 40 mrn discs were sintered from samples m-HA(450)* at 950 *C 
(to 100 % density) and 1000 *C (to 100 % density) and H-10 (to 96 % density) at 
1000 'C, for 5 minutes 15 seconds under 100 MPa. Sample m-HA(450)* sintered at 950 
and 1000 *C resulted in 3-pt flexural strengths of ca. 137 MPa and ca. 158 MPa. These 
values are higher than those reported in literature. However, sample H-10 sintered at 
1000 *C resulted in a lower flexural strength value of ca 108 MPa. This was attributed 
to the presence of regions of porosity in the sintered disc as seen under the SEM. 
Previous chapters and this work, present the Continuous Hydrothermal Flow Synthesis 
technique as a versatile, rapid, single step method to synthesise phase-pure and ion- 
substituted calcium phosphates and mixtures with tailorable properties. In this work, the 
sinterability of a large variety of nano-bio-ceramics was investigated and optimum 
spark plasma sintering conditions were determined. The novelty and rapidity of this 
particulate synthesis technology is hence complemented by spark plasma sintering. This 
work constitutes the first ever detailed report on CHFS of large variety of calcium 
phosphates and their SPS to high densities including development and understanding of 
sintering regimes. 
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6.5 Future Work 
In order to sustain the powder consuming sintering studies it would be desirable to 
upgrade the CHFS systems to synthesise more quantity of the aforementioned 
bioceramics and mixtures. Higher concentrations of calcium and phosphate source 
solutions can also help achieve this, while being wary of the susceptibility of the BPR in 
the CHFS system to fail during production of concentrated suspensions. 
It would be interesting to spark plasma sinter CDZ-HA compositions with CDZ 
contents lower than 10 wt%. SPS of HA synthesised in the CHFS system resulted in a 
high flexural strength of 158 MPa. It is expected that with a lower CDZ content the 
sintered density would increase as compared to those attained by using sample H-10 in 
this chapter. This might ultimately result in flexural strengths much higher than 158 
MPa. Further mechanical tests such as fracture toughness determination can given more 
detailed insight into the benefits of SPS of nano-bioceramics synthesised in CHFS 
systems. Similar work can also be carried out using Ti02-HA compositions. Synthesis 
and subsequent SPS of bioceramics (which sinter at higher temperatures) coated with 
HA might result in high sintered densities at lower sintering temperatures. Furthermore, 
SPS of HA to result in porous blocks (scaffolds) is strongly suggested. 
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Conclusions 
A three-pump CHFS system was found suitable for synthesis of hydroxyapatite. 
Calcium nitrate and diammonium. hydrogen phosphate solutions react immediately 
when exposed to each other. Similarly, this reaction took place inside the T-piece of the 
CHFS system 1. As hypothesised in the aims of this thesis, the rapid crystallising 
environment in CHFS system resulted in rapid growth and instant crystallisation of 
hydroxyapatite particles formed form the amorphous reaction product at the T-piece. 
Due to the rapidity of the process these particles were named "Instant Hydroxyapatite". 
Moreover, temperature had a direct affect on the crystallinity of the resulting apatites. 
The rapidity of the process, however, resulted in non-stoichiometric hydroxyapatite in 
all reactions. This is encouraging, because biological apatite too, is a poorly crystalline 
non-stoichiometric carbonated hydroxyapatite. The extent of deviation from 
stoichiometry of HA synthesised in the CHFS systems was, however, controlled 
primarily by pH of the solutions and also by CaT molar ratios in solution and flow 
rates. This translated into control over the thermal behavior of these apatites; as highly 
calcium deficient hydroxyapatite decomposed into P-TCP around ca. 750 'C (upon 
heating). This work formed a large spectrum of hydroxyapatite particles with varying 
stoichiometry, size and thermal stability controllable by temperature, flow rates and 
concentrations and pH of solutions used. 
Based on these encouraging results the issue of ionic substitutions into HA was then 
addressed. In the initial work on synthesis of HA in the CHFS system, peaks 
corresponding to carbonate groups were observed in corresponding FTIR spectroscopic 
spectra. This was attributed to some dissolved carbonate in the deionised water used for 
reactions. Leading on from this, urea was used as a carbonate ion source upon 
dissociation at exposure to hot water inside the mixing point. A maximum of ca 5 wt% 
carbonate content was achieved in HA as confirmed by spectroscopic and thermal 
analysis. However, attempts to increase the substitution levels (by adding more urea) 
resulted in formation of biphasic mixtures of HA and calcium carbonate (calcite). 
Reports in literature suggest that these biphasic mixtures may be suitable for biomedical 
usage due to enhanced solubility of calcium carbonate as compared to hydroxyapatite. 
Difficulty was faced, however, in attaining high silicon incorporation into HA (in the 
form of silicate ions) due to the difficulty in dissolving silicon acetate. A maximum 
silicon content of ca. 1.4 wt% silicon was achieved. At lower temperatures, for an 
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identical reaction, a silicon content of ca. 0.8 wtO/o was measured. This suggested that 
increase in the reaction temperature increases incorporation of silicate ions into 
hydroxyapatite. 
In addition to these anionic substitutions, magnesium and zinc ions were also 
substituted into HA. Maximum contents of 0.7 wt% and 0.9 wt% were attained for 
magnesium and zinc substitutions into HA, respectively. Further, increase in cationic 
concentration in solution resulted in formation of biphasic mixtures of HA and other 
phases. In the case of magnesium substitution, with ever increasing magnesium in 
solution, initially biphasic mixtures of Mg-VA-ýitlockite and HA were formed. Further 
increase in magnesium content in solution reduced the amount of HA in the mixtures 
and eventually phase-pure Mg-Whitlockite was stabilised. This is desirable, as this 
facilitates synthesis of tailorable biphasic compositions which can allow tailorable 
dissolution rates. These results demonstrated the ability of the CHFS system to, 
synthesise ion substituted calcium phosphates and stabilise phases unattainable in a 
short rapid manner using conventional synthesis methods. As in the case of all ionic 
substitution reactions, change in concentrations were generally noticed to have a 
profound effect on the morphology of calcium phosphate particles. 
In order to address the issue of poor mechanical properties of HA a two-pronged 
approach was adopted. Firstly, the ability of the CHFS system to synthesise crystalline, 
nanosized HA particles was accentuated by spark plasma sintering of these materials. 
Indeed, ca. 100% density was achieved by sintering at 950 "C for 5 minutes 15 seconds 
under 100 MPa. Good flexural strengths of ca. 158 MPa (considerably higher than those 
achieved by conventional consolidation) were achieved for HA sintered at 1000 IC for 5 
minutes 15 seconds under 100 MPa (these discs displayed transparency). With this aim 
fulfilled, the second approach involved the synthesis of co-precipitates of HA and 
another phase with superior mechanical properties. Indeed, varying compositions of 
calcium doped zirconia and hydroxyapatite (CDZ-HA) mixtures were synthesised. 
VT-XRD studies revealed that formation of the deleterious CaZr03 phase can be 
reduced by use of higher Ca: P molar ratios in solution. A composition containing 
11.3 wt% CDZ was suggested as the optimum composition. SPS of this composition 
resulted in a sintered density of ca. 96 wt%. Using scanning electron microscopy, it was 
observed that zirconia grains existed between HA grains suggesting that this hindered 
full consolidation. Indeed, porosity was observed as well. This ultimately resulted in 
lower 3-pt flexural strength of ca. 108 MPa. However, it is predicted that use of a 
223 
composition with lower CDZ content may result in higher sintered densities and in turn, 
better mechanical properties than those achieved for spark plasma sintered HA. Selected 
ion substituted compositions were also spark plasma sintered to high densities at 950 *C 
in 5 minutes 15 seconds under 100 MPa. 1.4 wO/o silicon containing HA however, was 
consolidated up to only 83% density suggesting that presence of silicon limited grain 
growth and sintering. In conclusion, by spark plasma sintering of nano-bioceramics 
synthesised using CHFS systems, the complimentary nature of these two rapid 
techniques was demonstrated. 
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SOP for Construction of a Counter Current 
Reactor for Continuous Hydrothermal Flow 
Synthesis Systems 
The counter-current reactor is an important part of the hydrothermal system. It is also 
referred to as the mixing point. Careful assembly of this part is essential in order to 
ensure maximum safety under high temperatures and pressures. A schematic (to scale) 
of the counter-current reactor is shown in Figure A-1. Swagelok parts required for this 
reactor are listed as follows; 
1) 20 cm long piece of 1/8" Swagelok 316L grade pipe 
2) 12 cm long piece of 3/8" Swagelok 316L grade pipe 
3) 12 cm long piece of 3/8" Swagelok 316L grade pipe 
4) Two sets of 1/8" Swagelok 316L grade nuts and ferrules 
5) Five sets of 3/8" Swagelok 316L grade nuts and femdes 
6) One 1/8 - 3/8" Swagelok 316L grade reducer 
7) 2.5 cm long 3/8" circular Swagelok 316L grade rod 
The steps of construction are as follows 
1) Make sure that a 20 cm long and perfectly straight piece of 1/8" pipe is 
available. This piece of pipe should not have any scratches or kinks in it, as this 
may lead to stress concentration points while at high temperature and pressure, 
which may result in leakage or worse, an explosion. The ends of the pipe should 
be filed to a shape resembling Figure A-2. Once this is done, make sure that the 
scratches on all surfaces around the end of the pipe are smoothed using a fine. 
grade sand paper (500 - 1000 grit). The inner edges of the pipe should also be 
smoothed using a file. 
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Figure A-1 Schematic of the counter-current reactor showing approximate dimensions 
(drawing prepared by K. Thompson of CMTG, Department of Chemistry, UCL). 
2) Due to its small diameter, 'the 1/8" pipe is very ductile and can be bent around a 
suitable circular body to yield a 90-degree bend as shown in Figure A-3. 
3) Swage the 1/8" pipe (three quarters turn, -1/4) at point A and at point B (see 
Figure A-3). Point A is the point where the 1/8" pipe goes through a bored- 




Figure A-2 Schematic representations of cross-sections of (a) original pipe and (b) 
pipe with smoothed chamfered edges. 
4) File the ends of a 12 cm long 3/8" pipe to a shape represented in Figure A-2. 
Make sure than the scratches on all surfaces around the end of the pipe are 
smoothed using a fine grade sand paper (500-1000 grit). Swage the inner side of 
the pipe using a file as well. Swage both ends (one and a quarter turn, 11/4). 
5) File the ends of the second piece of 3/8" pipe (12 cm long) as mentioned earlier. 
Fix the pipe bender in a vice. Arrange the rod in the pipe bender as shown in 
Figures A-4 (a) and (b) and bend it to a 90 degree angle. Make sure that 
scratches on all surfaces at the end of the pipe are smoothed using a fine grade 
sand paper (800-1000 grit). File the inner side of the pipe using a file as well. 
Once this is done, swage both ends (one and a quarter turn, 1 1/4 ). 
6) The 2.5 cm long 3/8" circular rod should have a 1/8" diameter and 2 cm deep 
hole drilled on one of the sides (done on a mounted drill by a technician). This is 
used to house a k-type thermocouple for temperature measurement at the mixing 
point. Smooth the edges as before and then swage this bit at one end (one and a 
quarter turns, 11/4). 
7) Connect all the parts together as shown in Figure A-1. Do not over tighten the 
fittings as this reduces part life. 
Note: Replace all the parts mentioned in this SOP after every 15 times it is 
unscrewed from the system (keep track of the system log book). The parts may be 





Figure A-3 Mixing point 1/8"' inch 316L Swagelok inner pipe (drawing prepared by K. 
Thompson of CMTG, Department of Chemistry, UCL). 
Figure A4 3/8 th inch 316L Swagelok pipe connecting the 3/8 th cross-piece to cooler (a) 
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Figure B-1 Powder X-ray diffraction patterns for samples (a) I -A (b) I -B (c) 1.67-A 
(d) 1.67-B (e) 2-A and (f) 2-B. All patterns revealed phase-pure hydroxyapatite 
(compared to JCPDS pattem 09-432). 
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Appendix C 
Table C-1 Sample IDs, elemental composition (atomic %) determined using EDS as 
average values of 10 area scans and corresponding Ca: P molar ratios for carbonate 
substituted samples. SD represents standard deviation. 
Sample ID 
Atomic % 
Ca: P (± SD) 
Ca P 0 
7.5CO3-IIA 69.20 8.47 12.32 1.45 0.04) 
11 
-SC03-HA 77.65 7.66 14.70 1.92 0.14) 
15.7CO3-HA 76.33 8.95 14.72 1.65 0.13) 
20C03-HA 77.33 7.24 15.43 2.13 0.07) 


































Figure C-1 Simultaneous Thermal Analysis (STA) data showing DSC (dotted line) and 
TGA (solid line) plots of samples (a) 11.5CO3-HA (b) 15.7CO3-IIA and (c) 20CO3-11A. 
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Table C-2 Sample IDs, elemental composition (atomic %) determined using EDS as 
average values of 10 area scans and corresponding Ca: P molar ratios for silicate 
substituted samples. SD represents standard deviation. 
Sample ID 
Atomic % Ca: [P+Si] 
0 Si P Ca (± SD) 
ISMA 73.46 0.20 10.27 16.07 1.53 0.05) 
2SMA 74.89 0.31 9.98 14.83 1.44 0.07) 
3SMA 74.47 0.43 10.00 15.10 1.45 0.10) 
4SiHA 74.72 0.39 9.84 15.05 1.47 0.09) 
5SMA 73.58 0.62 9.76 16.04 1.54 0.06) 
6SiHA 73.72 0.47 9.97 15.83 1.51 0.06) 
8SiHA 75.38 0.71 9.09 1 14.81 1 1.51 0.05) 
IOSiHA 74.56 0.82 1 9.68 -1 -14.9-5 1 1.42 0.06) 
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Appendix D 
Synthesis of Calcium Carbonate 
This section summarises the attempts to synthesise calcium carbonate in the CHFS 
system 2. Initially 100.0 mM calcium nitrate was reacted with 100.0 mM urea. A very 
dilute suspension was collected which yielded a small amount of powder when 
centrifuged and freeze dried (20 % yield). This sample is labelled as LY-I (L and Y 
represent Low Yield). Attempts at increasing the pH of the calcium nitrate solution in a 
separate reaction, to pH II using neat ammonium hydroxide solution (2 mL in 100 mL 
solution) did not increase the yield significantly (30% yield, sample labelled as LY-2). 
Use of 300 mM and 800 mM urea solutions in separate reactions, also did not increase 
the yield and the samples were not retained. After each reaction, the large particle filter 
in the CHFS system 2 was inspected, and was found to be clean each time (i. e. no 
particles were "filtered"). The pump rates for both the solutions and superheated water 
were always 5 mL min-' and 10 mL min"'. The reactions were carried out at 400 *C and 
24 MPa. In another experiment, 100.0 mM calcium hydroxide suspension (pH 13.5) 
was pumped through CHFS system 2 using a Rheodyne 7010 injector in place of one of 
the pumps in the three pump configuration. Chilled sparkling natural mineral water by 
Highland Spring company was used as a carbonate source. All the CHFS system 
reaction parameters were the same as mentioned above. The yield of the product was ca 
45% and this sampled is labelled as MY-1 (where MY represents Medium Yield). In 
order to investigate the effect of magnesium on particle morphology 0.5 mmoles of 
magnesium nitrate were added to the 9.5 mmoles of calcium nitrate solution in 100 mL 
deionized water to result in an overall 100.0 mM concentration. This sample is labelled 
as MY-2. The superheated water was pumped at 10 mL min7l. The carbonate water was 
pumped at 5 mL min". The calcium hydroxide suspension was injected continuously 
(and manually) to match a5 mL min-' pumping rate. Suspensions were washed, 
centrifuged and freeze dried as explained in section 2.2.2.1. All reactions were carried 
out at 400 *C and 24 MPa in CHFS, system 2. 
Powder X-ray diffraction patterns in Figures D-1 (a) to (c) revealed samples LY-1, LY- 
2 and MY-1 all to contain mostly calcite (compared to JCPDS pattern 5-586) and a 
small amount of vaterite (compared to JCPDS pattern 41-1475) (polymorphs of calcium 
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carbonate). The peaks were observed to very distinct and sharp, representing high 
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Figure D-1 Powder X-ray diffraction patterns of samples (a) LY-1 (b) LY-2 and 









Figure D-2 Transmission electron microscope images, of sample MY-1 at 
magnification x40K showing (a) rhombohedral calcite particles (b) irregular shaped 
particles and of sample MY-2 at magnification x60K showing (c) rounded calcite 
particles and (d) three different morphologies (rounded, rhombohedral and needle-like). 
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Calcite. 
TEM image shown in Figure D-2 (a) reveals the typical rhornbohedral morphology of 
calcite particles in sample MY-1 (Lei et al. 2006). There was a large variation in size 
but all particles were smaller than 600 mn. Some irregular shaped particles were also 
observed as shown in Figure D-2 (b). The TEM image for sample MY-2 in Figure D-2 
(c) reveals rounded particles smaller than 200 nm in diameter. This change in 
morphology is attributed to the presence of magnesium. However, in total three 
different morphologies were observed as shown in Figure D-2 (d) (rhombohedral, 
rounded, needle-like). Indeed, presence of magnesium has been reported to effect the 
morphology of calcium carbonate (Xie et al. 2007). 
In conclusion, the CHFS synthesis of calcium carbonate was investigated using a 
variety of precursors. However, given the present reactions conditions and precursors, it 
was not possible to practice control over calcium carbonates phase composition, particle 
morphology and size. Use of calcium hydroxide suspension with carbonated water 
resulted in maximum yields of ca 45%. In comparison to the large variety of calcium 
phosphate based materials synthesised in the CHFS system, such yields are quite low. 
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Appendix E 
Table E-1 Samples IDs, elemental composition (atomic %) determined using EDS as 
average values of 10 area scans and corresponding Ca: P molar ratios for magnesium 
substituted samples. SD represents standard deviation. 
Sam l ED 
Atomic % (Ca+Mg): P 
p e 
0 1P Mg Ca (±SD) 
0.5Mg-CaP 74.03 10.56 0.58 14.83 1.46 0.04) 
lMg-CaP 74.21 10.79 0.91 14.09 1.39 0.07) 
1.5Mg-CaP 76.06 10.5 1.39 12.05 1.28 0.09) 
2Mg-CaP 73.31 11.32 1.83 13.54 1.36 0.06) 
4Mg-CaP 70.3 12.83 3.4 13.48 1.31 0.02) 
6Mg-CaP 71.71 12.19 5.02 11.08 1.32 0.01) 
8Mg-CaP 74.26 10.88 6.65 8.22 1.37 0.02) 
IOMg-CaP 75.25 9.68 7.48 7.6 1.56 0.04) 
12Mg-CaP 73.74 10.37 9.31 6.58 1.53 0.05) 
14Mg-CaP 80.86 11.26 11.69 6.19 1.59 0.07) 
Mg-Cal? 69.95 12.6 17.45 N/A N/A 
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Table E-2 Samples IDs, elemental composition (atomic %) determined using EDS as 
average values of 10 area scans and corresponding Ca: P molar ratios for zinc substituted 
samples. SD represents standard deviation. 
Sa l ID 
Atomic % (Ca+Zn): P 
mp e 
0 P Ca Zn (±SD) 
1.3Zn-CaP 71.91 11.3 16.48 0.31 1.49 0.12) 
S. I Zn-CaP 70.57 11.67 15.67 2.1 1.52 0.08) 
IOZn-CaP 73.09 11.26 13.06 2.59 1.39 0.06) 
14.7Zn-CaP 74.19 11.16 11.09 3.57 1.31 0.06) 
19.3Zn-CaP 78.06 9.9 8.19 3.85 1.20 0.11) 
23.7Zn-CaP 72.95 11.63 9.16 6.27 1.33 0.07) 
28Zn-CaP 71.98 11.98 8.35 7.69 1.34 0.11) 
32Zn-CaP 77.97 10.46 6.1 5.47 1.10 0.12) 
264 
Appendix F 
Three discs of HA were conventionally sintered (pressureless) in a Carbolite, box 
furnace to provide a comparison with spark plasma sintered HA. HA synthesised at 450 
'C and 24 MPa in CHFS system 3 using concentrations identical to those used for 
synthesis of sample HA(400) as reported in Chapter 2. Superheated water was pumped 
at 25 mL min-' and both the calcium nitrate and diammoniurn hydrogen phosphate 
solutions were pumped at 12.5 mL min-] respectively. The schematic diagram of the 
cross-section of the hardened steel cylindrical die (custom built at Department of 
Materials, QMUL) is shown in Figure F-1. 
50mm 
1 15 inm 
50 mni 
II : 30 min: 




1 -1---L lomm 
Figure F-1 Schematic diagram of the hardened steel cylindrical die used for 
conventional sintering. 
Three 30 mm diameter discs (disc 1, disc 2 and disc 3) were pressed in a uniaxial Perkin 
Elmer press under 6 ton load to result in green densities of 46 %, 50 % and 48 % (of 
theoretical density), respectively. These discs were then sintered at 800 'C, 900 'C and 
1000 'C to result in sintered densities of 48%, 51% and 60%, respectively. The densities 
were detennined by measuring the dimensions (3 tirnes per disc). Heating and cooling 
rates of 2.5 'C min-' were used and all discs were sintered for two hours at tile 
corresponding temperature. As suggested by the sintered densities, no densification took 
place at 800 'C and 900 'C. Sintering at 1000 'C showed only 12 % increase in 
densification. These results outlined the difficulty in conventional sintering of I IA in the 
absence of. pressure and binders which have been reported to enhance sintering. 
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Table F-1 3-pt flexural strength values of 10 rectangular specimens cut from 2 discs 
obtained by spark plasma sintering of sample m-HA(450)* at 950"C for 5 minutes 15 
seconds and corresponding statistical parameters used to determine the Weibull 
modulus. 





Probability of fracture, Pf 
U/(n+l)] 
In In [1/(I-Pf)] 
107.30 4.68 1 0.09 -2.35 
114.30 4.74 2 0.18 -1.61 
118.50 4.77 3 0.27 -1.14 
119.70 4.78 4 0.36 -0.79 
136.50 4.92 5 0.45 -0.50 
138.70 4.93 6 0.55 -0.24 
149.00 5.00 7 0.64 0.01 
156.50 5.05 8 0.73 0.26 
160.60 5.08 9 0.82 0.53 





4.60 4.65 4.70 4.75 4.80 4.85 4.90 4.95 5.00 5.05 5.10 5.15 5.20 
In (cx) 
Figure F-2 Plot of In In [1/(I-Pf)] vs. In (af) (corresponding to Table F-1) showing the 
equation and Rý value. Weibull modulus, m, is equal to the slope of the fitted trend line. 
y=6.28x - 31.33 
R2 = 0.95 
- -4, 
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Table F-2 3-pt flexural strength values of 10 rectangular specimens cut from 2 discs 
obtained by spark plasma sintering of sample m-HA(450)* at 1000 `C for 5 minutes 15 
seconds and corresponding statistical parameters used to determine the Weibull 
modulus. 





Probability of fracture, Pf 
0/(n+l)] 
In In [1/(I-Pf)] 
138.00 4.93 1 0.09 -2.35 
140.50 4.95 2 0.18 -1.61 
146.30 4.99 3 0.27 -1.14 
153.00 5.03 4 0.36 -0.79 
154.10 5.04 5 0.45 -0.50 
163.00 5.09 6 0.55 -0.24 
166.40 5.11 7 0.64 0.01 
170.30 5.14 8 0.73 0.26 
175.60 5.17 9 0.82 0.53 







4.90 4.95 5.00 5.05 5.10 5.15 5.20 
ln(oý 
Figure F-3 Plot of In In [1/(I-Pt)] vs. In (af) (corresponding to Table F-2) showing the 
equation and Rý value. Weibull modulus, m, is equal to the slope of the fitted trend line. 
10.97x - 56.02 
R2 = 0.96 
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Table F-3 3-pt flexural strength values of 10 rectangular specimens cut from 2 discs 
obtained by spark plasma sintering of sample H-10 at 1000 "C for 5 minutes 15 seconds 
and corresponding statistical parameters used to determine the Weibull modulus. 
3-pt Flexural Strength 
cyf (MPa) 
ln(crf) 
Rank, Probability of fracture, Pf 
0/(n+l)l 
In In [1/(I-Pf)] 
85.70 4.45 0.09 -2.35 
99.60 4.60 2 0.18 -1.61 
102.40 4.63 3 0.27 -1.14 
105.90 4.66 4 0.36 -0.79 
107.40 4.68 51 0.45 -0.50 
110.80 4.71 6 0.55 -0.24 
112.10 4.72 7 0.64 0.01 
115.40 4.75 8 0.73 0.26 
115.60 4.75 9 0.82 0.53 






4.40 4.45 4.50 4.55 4.60 4.65 4.70 4.75 4.80 4.85 4.90 
In() 
Figure F-4 Plot of In In [1/(I-Pf)] vs. In (af) (corresponding to Table F-3) showing the 
equation and Rý value. Weibull modulus, in, is equal to the slope of the fitted trend line. 
y 9.82x - 46.41 







Synthesis of Ti02-HA Powders 
This section addresses the CHFS of Ti02-HA co-precipitates. Titanium (IV) 
bis(ammonium lactato) dihydroxide (TiBALD, 50 wt% in water) (from Sigma-Aldrich 
(Dorset, UK) was used as a titania precursor. 25 mL of 0.4 M TiBALD were added to 
75 mL deionized water. 1.97 g: (8.35 mmoles) of calcium nitrate were then added to this 
solution (final pH 7). 0.66 g (5.00 mmoles) of diammoniurn hydrogen phosphate were 
dissolved in 100 mL of deionized water to result in 50.0 mM concentration (pH adjusted 
to pH 10 using 3 mL neat ammonium hydroxide solution). The amounts of calcium 
nitrate and diammoniurn hydrogen phosphate used were such that the Ca: P molar ratio 
was ca. 1.67. The amount of TiBALD solution added was such that, given 100% yields, 
it would result in 50wt% Ti02 in HA. CHFS system 3 was used for this reaction. The 
superheated water was pumped at 25.0 mL min". TiBALD containing calcium nitrate 
solution and dianunonium hydrogen phosphate solution were pumped, respectively, at 
12.5 mL min". The reaction was carried out at 450 *C (band heater at same 
temperature) and 24 MPa. The collected suspensions were washed, centrifuged and 
freeze-dried as explained in section 2.2.2.1 (c) in Chapter 2. 
e 
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Figure G-1 Powder X-ray diffraction pattern of the Ti02, HA mixture. 
The powder X-ray diffraction pattern in Figure G-I identifies the sample as a biphasic 
mixture of anatase titania (compared to JCPDS pattern 21-1272) and IIA (compared to 
JCPDS pattern 09-432). This result shows the CIIFS system is a suitable material to 
develop Ti02-HA mixtures (with no additional unwanted phases) which can be tested 
for their photocatalytic; activity or spark plasma sintered to enhance the infcrior 
mechanical properties of HA. 
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